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ABSTRACT 

Applications of Cellular Components in 

Engineered Environments 

Xiao Hu 

Manipulation of cellular components in synthetic environment has attracted interest for 

applications ranging from sensors to nanelectronics and from catalysis to biomedical devices. 

In such applications, biological-based processes such as specific recognition and 

self-assembly direct the formation of hierarchical structures, all at minimum energetic costs, 

with high efficiency and reliability.  

 

Among such cellular machines, microtubules and kinesins have attracted special interest. 

Inside the cells, microtubules are giving structural integrity while serving as regular and 

uniform tracks for transport of vesicles or organelles. Kinesin uses a microtubule track in 

vivo to progress to specific locations with processive and coordinated steps, all under the 

transformation of the chemical cycle of adenosine triphosphate (ATP) into mechanical work. 

Manipulation of microtubules and kinesins in vitro has been implemented for the transport of 

synthetic cargos like beads, nanoparticles or quantum dots to specific locations for molecular 

detection or diagnosis.  However, in such applications, individual separation of a 

microtubule or kinesin-based complex, or parallel and yet individual sustainability and 

attainability of such complexes, could not be achieved. Main challenges consisted of 

biological components susceptibility to experimental conditions or lack of stability and 

complexity of tasks to be achieved under ambient temperature and pressure conditions. 

  

This thesis presents novel concepts and implementations of such cellular components in 

engineered environments. From studying single molecule assembly forces using atomic force 

microscopy approaches, to synthesizing novel self-assembled hybrid materials combining 

advantages of organic and inorganic components, and from application of cellular 

components in nanoelectronics or as the next generation tools for single molecule printing, 

the work included offers viable solutions for emerging science and engineering concepts  

that promote natural-based processes for synthetic applications.
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representation of the rupture force between streptavidin and its ligands, i.e., anti-streptavidin 

antibodies (c), or biotin used as control (d) respectively.  

 

Figure 2: Binding forces between streptavidin and its ligands, namely anti-streptavidin 

antibodies and biotin used as control. (a) Contact mode force map analysis of the rupture 

force between representative anti-streptavidin antibody-coated tip and streptavidin-coated 

glass surface. (b) Contact mode force map analysis of the rupture force between 

representative biotin-coated tip and streptavidin-coated glass surface. The colored squares are 

associated with different values of the rupture forces being measured, with the darker 
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Representative distribution of the rupture forces between streptavidin-coated glass surface 

and anti-streptavidin antibody-coated tip. (d) Representative distribution of the rupture forces 

between streptavidin-coated glass surface and the biotin-coated tip. The distributions were 
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(a) anti-streptavidin antibody-streptavidin; and (b) biotin-streptavidin respectively. The x axis 

is the logarithm of the loading rate while the y axis represents the rupture force; 12 

independent force maps were obtained for each of the protein-ligand being investigated. 

 

Figure 4: Histogram of the average rupture force between streptavidin and its ligands, 

with at least 240 independent force maps analyses being performed for each of the complexes 

being investigated. Control I and control II represents the average rupture force between 

biotin- and anti-streptavidin antibody-coated tip and the glass respectively (with at least 60 
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independent force maps for each of the controls). A Student T-test was carried out with the 

significance level of p*<0.05; (*) indicates significance between individual complexes and 

the control while (***) indicates significant from the different complexes. 
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Figure 1: (a) The structure of the proposed kinesin-inked microtubule pen and its in vitro 

optical representation; microtubule is shown in red and kinesin is shown in green. All green 

signal was increased by the software to give better visibility of the kinesin.  (b) Schematic of 

the contact mode AFM analysis of the kinesin-inked microtubule pen. (c) Representative 

morphology of  the kinesin-inked microtubule pen. The beads represent individual kinesin 

molecules bound to the surface of an immobilized microtubule, under the chemical energy of 

AMPPNP. (d) Representative morphology of a microtubule used as control. (e) Height profile 

analysis help evaluate the distributions of kinesin inks onto a microtubule pen. Upper image: 

readings are done across the sample to evaluate the diameter of the individual bound kinesins. 

Lower image: readings follow sample’s profile and help identify the change in the 

microtubule local diameter when a bound kinesin is encountered. (f) Average diameters of the 

kinesin-inked microtubule pens and of control microtubules respectively. Student’s T-test 

considered significance level of *p<0.05. 

 

Figure 2: a) Schematic drawing of the AFM tip functionalization with anti-tubulin 

antibodies for controlled affixing of the kinesin-inked pen. b) Left upper: optical microscopy 

image showing the microtubule pen immobilized onto the tip through tubulin-anti-tubulin 

specific interactions. Left lower: optical microscopy image showing green kinesin inks onto 

the immobilized microtubule. The white dashed lines depict tip’s profile. Right: 

representative fluorescence image of the kinesin-microtubule pen affixed at the tip formed 

from the merged images of red (microtubule) and green (labeled kinesin) signals. All green 

signal was increased by the software to give better visibility of the kinesin. c) Representative 

fluorescent images of the kinesin ink (green) moving onto an affixed microtubule pen (red). 

The distance traveled allows for a measurable speed of about 3 μm/s. All green signal was 

increased by the software to give better visibility of the kinesin. d) The relationship between 

the visually observed length and the actual length that kinesin could travel onto an affixed 

pen. The different orientations of the affixed microtubule led to the different angles () of 

observation.  

 

Figure 3: a) Schematic of the glass multi-step functionalization process through 

zero-length chemistry and antibody binding through APTES-based reaction. b) 

Representative AFM morphology of anti-kinesin antibodies coated surfaces and the statistical 
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variation in such height distribution (as depicted on the red line). c) Schematic of single 

kinesin molecules written by the affixed microtubule pen. d) Representative AFM 

morphology and distribution of single kinesin molecules written by the affixed microtubule 

pen and the statistical variation in the height distribution of kinesin immobilized onto 

anti-kinesin antibody (as depicted on the red line). The possible geometries and resulting 

anisotropies are discussed relative to the individual molecule packing at the 

user-functionalized interface.  

 

Figure 4: a) The statistical variation in the height distribution of kinesin immobilized 

onto anti-kinesin antibody and control of height distribution of anti-kinesin antibody. The 

possible geometries and resulting anisotropies are discussed relative to the individual 

molecule packing at the user-functionalized interface. b) Kinesin walks on the different 

filaments of the microtubule and written onto anti-kinesin antibody functionalized surfaces 

(left) to be leading to circular morphological patterns (right).  
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bio-based hybrids 

Figure 1: Surface characterization of the S-doped C-dots. a) Representative Atomic 

Force Microscopy (AFM) analyses that allow for individual or conglomerates of nanodots 

visualization. AFM insert in the scale of 1 μm×1 μm allows for particle size analyses. b) The 

diameter distribution of the S-doped C-dots as resulted from AFM evaluations. c) Fourier 

Transform Infrared Spectroscopy (FTIR) of the S-doped C-dots allows for identification of 

surface functional groups, while Energy Dispersive X-Ray (EDX) analysis (d) reveals the 

elemental composition of the S-doped C-dots. e) The X-ray Photoelectron Spectroscopy 

(XPS) survey graph of the S-doped C-dots. f) High-resolution S2p XPS spectra of the S-doped 

C-dots. g) High-resolution C1s XPS spectra of the S-doped C-dots.  

 

Figure 2: a) Representative schematic of the chitosan-based membrane formation at the 

gold electrode interface. b) The reduction reaction of the methylene blue (MB) onto the 

electrode surface. c) Differential Pulse Voltammetry (DPV) graph of the MB on 1) 

chitosan/gold electrode (red), 2) S-doped C-dots/chitosan/gold electrode (green). 

 

Figure 3: a) Average diameter of microtubules and the S-doped C-dots hybridized 

microtubules as measured using cross-sectional analyses. b) The diameter distribution of 72 

individual microtubules collected from 20 independent images. c) The diameter distribution 

(as measured using cross-sectional analyses) of S-doped C-dots hybridized microtubules and 

collected from 24 independent AFM images that included 93 individual microtubules. d) 

Different orientations or combination of such orientations of the APTES molecules on the 

mica surface lead to different geometries and size distribution of the microtubules. 

 

Figure 4: a) Representative morphology AFM analyses of microtubules after 

crosslinking with glutaraldehyde. b) Representative morphology AFM analyses of S-doped 

C-dots hybridized microtubules after crosslinking with glutaradehyde. Reduced stability was 

observed for the microtubules not crosslinking with glutaraldehyde (c) while the 

morphologies of the hybrid microtubules was not affected by the lack of the crosslinking 

agent (d). e) Height distribution of the microtubule (along the red line 1 in Figure 4a; 

cross-sectional analyses) or S-doped C-dots hybridized microtubules (along the red line 2 in 

Figure 4b; cross-sectional analyses) with the blue square representing the start point (0.0 μm). 
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The line followed the sample morphology. 

 

Figure 5: a) Electrochemical impedance spectrum (EIS) graph of the electrode. 1. Bare 

gold electrode. 2. S-doped C-dots/Chitosan/Gold electrode. 3. Chitosan/Gold electrode. 4. 

S-doped C-dots-microtubule (MTs)/Chitosan/Gold electrode. 5. Microtubule 

(MTs)/Chitosan/Gold electrode. b) Differential pulse voltammetry (DPV) graph of the 

methylene blue on different electrode. The color-coding is similar to what described in a). c) 

Scheme of microtubule polymerization from free tubulin under the chemical energy of 

guanosine triphosphate. d) Scheme of the polymerization process of the S-doped C-dots 

hybrid microtubule; the schematic is not to scale. 
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Figure 1: (a) Scheme of tubulin attachment onto user-synthesized S-doped C-nanodots 

(S-doped C-dots). (b) UV absorbance of S-doped C-dots and tubulin-S-doped C-dot 

conjugates respectively. (c) Circular dichroism (CD) graph of tubulin, S-doped C-dots and 

tubulin-S-doped C-dot conjugates respectively. 

 

Figure 2: (a) Representative atomic force microscopy-based (AFM) morphology of 

S-doped C-dot hybrid after crosslinking with glutaraldehyde. (b) Representative morphology 

AFM analyses of microtubule after crosslinking with glutaradehyde (control). Schematic 

representation of the AFM height distribution analysis along (c) and across (d) a hybrid. (e) 

Diameter distributions of 83 individual microtubules and 68 hybrids collected from 25 and 20 

independent images respectively. (f) Height distributions of 211 individual microtubules and 

181 hybrids collected from 25 and 20 independent videos respectively. 

 

Figure 3: (a) Scheme of the kinesin-microtubule/hybrid binding in the presence of 

AMP-PNP. Representative AFM images of kinesin-hybrid (b) and kinesin-microtubule used 

as control (c). The line was chosen to follow the morphology of the sample for height 

analysis. d) The diameter distribution of 68 individual hybrids, 66 individual kinesin-hybrids 

measured on the kinesin and 80 individual kinesin-hybrid measured randomly, all collected 

from 20 and 22 independent images respectively. e) The diameter distribution of 83 

individual microtubules, 70 individual kinesin-microtubule measured on the kinesin dot itself 

and 82 individual kinesin-microtubule measured randomly and collected from 25 and 23 

independent images respectively. (f) Possible orientations of kinesin onto microtubule/hybrid.  

 

Figure 4: (a) Schematic of the stepping assay. Briefly, a user-made flow cell was coated 

with anti-tubulin antibody for protein specific interactions. The stepping activity of the 

kinesin was observed using fluorescent microscopy, all under provided chemical ATP energy. 

(b) Fluorescent images of kinesin-hybrids at different time points; analysis (white line) show 

kinesin (green) ability to step on hybrids (red) as shown by the distance displacement. (c) 

Fluorescent images of kinesin-microtubule at different time (controls); again, analysis (white 

line) show kinesin (green) ability to step on control microtubule (red) as recorded by distance 

displacement. 
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Figure 5: (a) Schematic of the gliding assay; casein was used as a blocking molecule to 

prevent non-specific binding of microtubules or hybrids. AMP-PNP bound GFP-kinesin 

attached to the flow cell was used to propel microtubules or hybrids when the AMP-PNP 

energy source was exchanged for ATP. (b) Fluorescent images of hybrids glided onto surface 

immobilized kinesin. (c) Fluorescent images of microtubules glided onto surface immobilized 

kinesin. 
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Figure 1: a) Schematic illustration of kinesin functionalization with ferrocene 

monocarboxylic acid (FCA). b) The cyclic voltammetry (CV) of unlabeled kinesin (simply 

called kinesin), FCA-kinesin conjugates and free FCA.  

 

Figure 2: a) Schematic illustration of FCA-kinesin conjugate binding to a microtubule 

(MT) to form a FCA-kinesin-MT assembly in the presence of adenylyl-imidodiphosphate 

(AMP-PNP). b) The assembly was immobilized onto an anti-tubulin antibody functionalized 

electrode. Prior immobilization, surface functionalization of the electrode with self-assembly 

monolayers of 11-mercaptoundecanoic acid (MUA) and bovine serum albumin (BSA) aimed 

to reduce non-specific binding, was used. c) The CV analysis of different concentrations of 

FCA-kinesin-MT assembly immobilized at the modified electrode interface. d) 

Electrochemical impedance spectrum (EIS) at the functionalized electrode interface. Black: 

bare gold electrode (Au). Pink: MUA/Au. Red: Anti-tubulin Antibody/MUA/Au. Blue: 

Anti-tubulin Antibody (BSA)/MUA/Au. Green: FCA-kinesin-MT/Anti-tubulin Antibody 

(BSA)/MUA/Au. e) CV of background (black; obtained at the modified electrode 

(Anti-tubulin Antibody (BSA)/MUA/Au) interface), FCA-kinesin-MT (red) at the modified 

electrode interface, free FCA (blue) at the anti-tubulin antibody functionalized electrode 

interface and free FCA-kinesin control (pink) at the anti-tubulin antibody functionalized 

electrode (Anti-tubulin Antibody (BSA)/MUA/Au) interface respectively. 

 

Figure 3: a) The relationship between the anodic peak currents and the concentrations of 

the FCA-kinesin-MT assemblies immobilized onto the functionalized electrode. Inset: The 

linear relationship between the peak currents and the concentrations of the FCA-kinesin-MT 

assemblies immobilized onto the electrode. b) The relationship of the charge involved in the 

redox reaction (Q) at the modified electrode and the concentrations of the FCA-kinesin-MT 

assemblies. Inset: The linear relationship between the c/Q and the concentrations of 

FCA-kinesin. All experiments were performed at a scan rate of 50 mV/s. 

 

Figure 4: a) CV of FCA-kinesin at modified electrode under different scan rates (6-300 

mV/s). The concentration of the FCA-kinesin was kept constant at 42.2 nM, which 

represented that concentration that limits the saturation sites of the MTs. b) The linear 
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relationship between the scan rates and the peak currents of the FCA-kinesin conjugates. c) 

Laviron‘s plots. All experiments were carried at modified electrode (Au/MUA/Anti-tubulin 

Antibody (BSA)/MT) in BRB80 buffer (pH 7.1) with 10 µM taxol. 

 

Figure 5: a) Schematic illustration of the FCA-kinesin conjugates stepping of the MT 

imoobilized at the electrode interface upon the addition of ATP. b) CV of FCA-kinesin 

conjugate at the modified electrode modified electrode (Au/MUA /Anti-tubulin Antibody/MT) 

after adding 250 µM ATP. 
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Chapter 1: Development of an Atomic Force Microscopy-based method for analysis of 

affinities between specific biological ligands 

 

Abstract 

In the cell, protein-ligand recognition involves association and disscociation processes 

controlled by the affinity of the two binding partners and chemical harvesting of adnosine 

triphosphate energy. Fundamental knowledge of selected recognition events is currently 

translated in synthetic environment for biosensors, immunoassays and diagnosis applications, 

or for pharmaceutical development. However, in order to advance such fields, one needs to 

determine the lifetime and binding efficiency of the two partners, as well as the complex’ 

energy landscape parameters. We employed contact mode atomic force microscopy to 

evaluate the association and dissociation events between the streptavidin protein and its 

anti-streptavidin antibody ligand, currently used for nucleotide array, ELISA, and flow 

cytometry applications, just to name a few. Using biotin as control, our analysis helped 

characterize and differentiate multi- and single bonds of different strengths and associated 

energy landscapes to determine protein-ligand structural arrangement at nanointerfaces and 

how these depend on the specificity of the ligand-recognition reaction. Further, our results 

revealed that understanding the importance of the rupture forces between protein and its 

ligand could serve as the first step to protect on-off switches for biomedical research 

applications where specificity and selectivity are foremost sought.  
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Introduction 

Biological world maintains structure and function through operative molecular 

interactions. For instance, the specific interactions and high recognition affinity between 

antibodies and protein antigens contribute to pathogen and their product recognition to 

ultimately provide immune protection
1,2

. Accordingly, protein antigen and antibody binding 

affinity and energetics are becoming a prominent area in therapeutics where ligand specificity 

influences humoral immunity
3-6

.  

Fundamental knowledge of molecular interactions binding affinity and strength
7
 was 

gained mostly by studying their in situ characteristics using techniques relying on optical
8
 

and magnetic tweezers
9
, or impedance spectroscopy

10
. For instance, Sischka et al., studied the 

dynamic translocation of ligand-complexed DNA through solid-state nanopores using optical 

tweezers
11

, Liebesny et al., determined the number of proteins bound non-specifically to 

DNA using magnetic tweezers
12

, while Duan et al., showed how impedance spectroscopy 

could be used to study the formation of a silicon nanowire field-effect transistor capable to 

measure protein–ligand binding affinities and kinetics with sensitivities down to femtomolar 

concentrations
13

. However, the implementation of such studies is currently hindered by either 

optical perturbations and how these affect the performance of the tweezers
14,15

, or the 

complexity and time scale of sample preparation and sample storage
15

, and the reduced 

detection capability of the instrument and how instrument’s overheating influences the 

measurement process
15

 especially for protein-ligand pairs known to be heat sensitive
16

.  

Atomic Force Microscopy (AFM) was recently implemented to circumvent some of 

these drawbacks; the technology does not require a specific or tedious pretreatment of the 

samples, is user and environmentally friendly, and allows for nano-resolution while depicting 

the exquisite surface structure of the samples being investigated
17

. As such, AFM was 

employed to visualize the surface architecture of Corynebacterium glutamicum with the 

analyses revealing an inner layer with about 11 nm periodicity in the structure of the 

individual cell
18

. The interaction parameters, such as the rupture force and dissociation 

constant, energy landscape parameters or energy bond and energy barrier width of the biotin 

and streptavidin bond were also quantified using AFM
19

; biotin and streptavidin are known to 

form the strongest non-covalent interaction in the biological world. Complementary, AFM 

analysis of the newly identified protein Gli349 and sialyllactose molecules revealed an 

unbinding force of around 70 pN; the Gli family is involved in the gliding of the bacteria 

Mycoplasma
20

. Similarly, Ge et al., used AFM to study the specific interaction between 
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bivalent aptamer Bi-8S and investigated the unbinding dynamics and dissociation energy 

landscape of their multivalent interactions
21

; the aptamer is a class of molecular probes used 

for protein recognition, detection, and inhibition.  

Translating and implementing the knowledge of binding affinity and strength led to the 

development of immune deficiency syndrome (AIDS)
22

 and cancer
23

 detection assays. 

Complementary, studying the interaction of two complementary or partly matched single 

strands of DNA molecules helped identify DNA mutations
24

 or damages
25

, while 

self-assembly monolayer technology relying on binding and recognition at electrode 

interfaces is currently used in controlling deposition of nanostructures
26

 or biosensor’s 

sensitivity
27

. However, there are still fundamental questions to be answered before further 

implementation of biomolecular interactions in synthetic assays is to be realized. In particular, 

scientific endeavor is required to investigate how single molecular scale interactions at the 

protein-ligand binding pocket site can be distinguished from non-specific interactions such as 

binding at intermediate positions. Lack of specificity is associated with weaker interactions 

that could lead to both low sensitivity and low detection capabilities in synthetic assays such 

as ELISA
28

 or immunodiagnostic
29-32

. Such endeavors require understanding of the basis for 

protein-ligand binding as well as the energetics associated with protein-ligand individual 

complexes formation.         

To help answer these questions, we formulated a quantitative method that allowed for the 

ranking selection of unbinding forces between streptavidin and its ligand, namely 

anti-streptavidin antibody, all under known mechanical stress. By controlling the specificity 

of binding and limiting non-specific interactions, we showed through multi-Gaussian fitting 

that fine tuning of the protein-ligand interactions can help identify the disposition of protein 

binding site, distinguish the protein arrangement at interfaces and its influence on the energy 

landscape, as well as shed light into the characteristics of the protein-ligand recognition event 

and the association and dissociation events. Unraveling such events allowed analysis of 

ligand-breaking maps, all under a known mechanical force, to be used for a variety of 

applications from ELISA
28

 to immuno-diagnosis or -reagent analysis
22,23

.  
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Materials and Methods 

Functionalization of the Atomic Force Microscope (AFM) tips 

TR-400PB tips (purchased from Asylum Research, USA) were functionalized with either 

biotin or anti-streptavidin antibodies. Briefly, the tips were first cleaned using a three steps 

cleaning protocol which consisted of first immersing them into 1 mL of deionized water for 

10 min, secondly into acetone (Fisher Scientific, USA) for another 10 min, and lastly, in 

deionized water for 10 more minutes. Subsequently, the tips were dried under air, exposed to 

ultraviolet (UV) light for 30 min, rinsed again with 100 mM pH 7.0 phosphate buffered saline 

(PBS, made from mono-potassium phosphate, dipotassium hydrogen phosphate and sodium 

chloride, all reagents purchased from Fisher Scientific, USA) and incubated in solution of 

either 1 mg/mL biotin (Sigma, USA) or anti-streptavidin antibodies (Sigma, USA) for 3 h at 

room temperature. After incubation, the tips were rinsed in PBS to remove loosely bound 

ligands and used immediately.  

 

Cleaning of glass substrates 

Glass slides (d=25 mm, Corning, USA) were ultrasonicated in deionized water, 99% 

alcohol (Fisher Scientific, USA) and again in deionized water for 30 min each. Subsequently 

the slides were dried under vacuum for 1 day and before use exposed to UV light for 30 min. 

 

Protein functionalization of the glass substrates 

Streptavidin was covalently attached to the cleaned glass slides using established 

methods
33

. Briefly, glass slide was immersed into a Piranha solution (96.4% sulfuric acid, 

H2SO4, Fisher Scientific, USA) and 30% hydrogen peroxide (H2O2, Fisher Scientific, USA) 

in a 3:1 volume ratio, and heated to 120 
o
C for 10 min. After exposure to Piranha, the slide 

was thoroughly washed with deionized water and dried under vacuum for 1 day. Upon drying, 

the slide was immersed in 1 ml of 5% 3-aminopropyltriethoxysilane (APTS; Fisher Scientific, 

USA), 99.5% toluene solution (Fisher Scientific, USA) and incubated at room temperature 

for 1 h. Upon time elapse, the slide was again washed thoroughly with deionized water, 

toluene and deionized water and subsequently immersed into 1 mL 5% glutaraldehyde (Acros 

Organics, USA) in 0.2 M pH 9.0 Tris-buffered saline (TBS, made from tris and hydrochloric 

acid, reagents purchased from Fisher Scientific, USA) at room temperature, for 1 h with 

shaking at 200 rpm. Lastly, the slides were extensively rinsed with TBS, activated for 15 min 

in a 1ml solution of pH 4.7 of 2-(N-morpholino)ethanesulfonic acid (MES, Fisher Scientific, 
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USA) containing 160 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Acros 

Organics, USA) and 80 mM N-Hydroxysuccinimide (NHS, Pierce, USA) and incubated in 2 

mL of 4 µg/mL streptavidin solution in PBS at room temperature and 200 rpm for 3 h. The 

slides were removed from the streptavidin solution and the remaining solution was collected. 

Upon incubation, the streptavidin-functionalized glass slide was rinsed thoroughly with PBS 

to remove loosely bound proteins and the first 200 μL of the washout was also collected, 

added to the supernatant, and used for protein loading analysis. 

 

Evaluation of the protein loading onto the functionalized glass slide 

The amount of the streptavidin bound to the glass slides was evaluated using micro BCA 

protein assay (Pierce, USA) and subtracting the amount of the protein washed out in the 

supernatant and collected washes from the amount of the protein initially added in the 

incubation step. Briefly, 500 µL of working reagent containing 50 parts of reagent A, 48 parts 

reagent B and 2 parts of reagent C (all reagents were provided with the kit) were mixed with 

500 µL streptavidin solution (either from the supernatant and or the 200 μL of the washes) 

and incubated at 60 
0
C for 1 h. After incubation and sample cooling to room temperature, 

absorbance at 562 nm was recorded using a UV-Vis Spectrophotometer (Thermo Scientific 

EVO300). Known concentrations of streptavidin in the working reagent were used to form a 

calibration curve. 

 

AFM force measurement 

A contact mode AFM force measurement was used to evaluate the rupture forces 

between biotin- or anti-streptavidin antibodies-coated tip and streptavidin-coated substrate. 

The trigger force was fixed to 3 nN and the spring constant of the cantilever was measured 

and calibrated before each experiment using established calibration method
34

. The area for 

each analysis was kept constant to 1 µm x 1 µm.  

 

Statistical data analysis 

In order to compare the average rupture forces, a Student T-test was carried out with the 

significance level of p*<0.05; 40 parallel force map experiments per individual sample 

analysis (i.e., where sample is defined as either of the ligand) were performed, with at least 6 

samples being analyzed at independent times. For the loading rate dependence of the rupture 

force there were at least 12 samples being analyzed. For each, there were at least 5 areas of 1 
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µm x 1 µm being considered; in each one of these areas the loading force was varied. For the 

biotin-streptavidin, the loading rate varied from 250 to 150000 pN/s, while for 

anti-streptavidin antibodies-streptavidin the loading rate varied from 11500 to 161000 pN/s. 

These loading rates accommodated the different spring constant as measured for individual 

experiments.  
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Results and Discussion 

Applied biochemistry relies on molecular recognition as an essential element in 

evaluating self-replication, self-assembly, and information processing. Analysis of 

biomolecular recognition events performed in synthetic environment have shown that 

protein-ligand interactions are the key part of the bond formation, with the bond being 

strongly influenced by both steric hindrance
35

 and protein’s arrangement at a particular 

interface
36

. 

To evaluate and help rank biomolecular recognition events based on the bond energetics, 

we used the streptavidin-anti-streptavidin antibody complex. Streptavidin was chosen as a 

model protein based on previous reports that helped characterize both its structure
37

 as well as 

its interaction with known ligand biotin
19,38,39

.  

 

Experimental set-up to evaluate biomolecular recognition events between a protein and 

its ligands 

Our experimental approach used atomic force microscopy (AFM) in contact mode, 

streptavidin-coated surfaces and ligand-coated AFM tips and evaluated the rupture forces 

between proteins and their ligands at a constant trigger force. Specifically, Figure 1 shows 

the multi-step functionalization of glass surfaces with streptavidin. Briefly, by immersing 

glass slides into Piranha solution hydroxyl radicals were generated
33

 and subsequently used to 

immobilize 3-aminopropyltriethoxysilane (APTS) to be used as “hangers” for covalent 

binding of glutaraldehyde (GA; Figure 1a). Streptavidin was attached to the 

glutaraldehyde-functionalized surfaces using the zero length EDC/NHS chemistry
40

; 

complementary, anti-streptavidin antibody or biotin (used as control) ligands were 

immobilized onto the AFM tip by using physical binding
39

 (Figure 1b). 

Figure 1c and Figure 1d depict the rupture force as result of engaging and de-engaging 

the ligand-functionalized tip from the streptavidin- coated surface under an external force 

controlled by the user (Figure 1c for the anti-streptavidin antibodies and 1d for biotin 

control). During the engaging process, the ligand-coated AFM tip came in direct contact with 

the streptavidin-coated surface to form ligand-protein conjugate complexes. During the tip 

detaching process and when the force generated by the bending of the cantilever reached the 

rupture force (with a more severe bent being a result of a higher rupture force between the 

coated tip and the streptavidin), the interaction between the ligand-coated tip and the 

streptavidin-coated surface was broken and recorded.  
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Figure 1: Concept drawing of surface functionalization and contact mode analysis performed 

using Atomic Force Microscopy (AFM). (a) Functionalization of streptavidin protein to the 

glass surfaces; functionalization was performed using covalent binding. (b) Functionalization 

of anti-streptavidin antibody or biotin to the AFM tip. Schematic representation of the rupture 

force between streptavidin and its ligands, i.e., anti-streptavidin antibodies (c), or biotin used 

as control (d) respectively.  

 

To evaluate the rupture force between streptavidin and its ligands (i.e., biotin used as 

control and anti-streptavidin antibodies), two different cantilevers with spring constants of 

20±6 pN/nm and 90±27 pN/nm respectively, were used. Since the effective spring constant 

depends on the elastic properties of both the cantilever and the substrate
41

, we used thermal 

tuning and analysis of the deflection versus distance curve at constant room temperature to 

calibrate the cantilevers before each experiment
34

. Thermal tuning analysis showed spring 

constants of 25±5 pN/nm and 104±14 pN/nm respectively; subsequently, the resulting rupture 

forces of the biotin-streptavidin (control) or anti-streptavidin antibodies-streptavidin 

complexes were evaluated at 1.2x10
5
 pN/s and 5.4x10

5 
pN/s force loading rates, with the 

loading rate being determined from the rate of cantilever retraction
42

. The rate of cantilever 

retraction was defined as the velocity at which the tip retracted from the streptavidin-coated 

surface resulting in retraction values between 4800±1000 nm/s and 5192±616 nm/s 

respectively for the two cantilevers being considered. 
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Figures 2a and 2b shows the representative force maps of 1 μm × 1 μm areas where the 

analysis of the rupture forces between the anti-streptavidin antibodies- or the biotin-coated tip 

and streptavidin-coated surfaces respectively were performed. For the contact mode AFM 

force analysis, the area underneath the tip was divided automatically into 10×10 matrices to 

result in 100 parallel test areas/per experiment, with the AFM measuring the rupture force 

upon contact between the ligand-coated tip and each one of these matrices and providing the 

average force map per individual area being analyzed. Each square was color-coded with the 

darker color representing a smaller rupture force while the lighter color referred to a larger 

value of such force.  

 

Analysis of protein-ligand rupture events 

Figures 2c and 2d show the representative histograms force distribution associated with 

the rupture events, each derived from 100 independent matrices allowing for force 

measurements. For the anti-streptavidin antibody-streptavidin experiment, the rupture force 

ranged from 0 to 100 pN, with a dominant regime in the 25 pN to 80 pN range and two peaks 

(Figure 2c). The red solid line resulted from the multi-Gaussian fitting identified an average 

rupture force of about 42 pN with F*1 (68.7pN) presumably indicating the most probable 

rupture force for a single bond formed between anti-streptavidin antibodies-coated tip and 

streptavidin-coated surface
43,44

. The force distribution also revealed another peak centered 

around 12.8 pN presumably associated with the non-specific interaction between the tip and 

the surface or binding of the antibodies at other than the specific streptavidin pocket site. 

Indeed, in control experiments performed with anti-streptavidin antibodies-coated AFM tips 

brought in close proximity of the glass surface functionalized with only glutaraldehyde, 

showed a rupture force of only 12.2±6.8 pN.  

For the control experiment performed between the biotin-coated tip and the 

streptavidin-coated surface (Figure 2d), the rupture force ranged from 5 pN to 1340 pN, with 

a dominant regime in the 200 to 900 pN range and with multiple peaks distribution
45

. 

Multi-Gaussian fit allowed identification of the average rupture force at around 551 pN with 

peaks distribution at F*1 (285 pN), F*2 (636 pN) and F*3 (973 pN) respectively presumably 

associated with rupture events for single, double and triple bonds
46

. Forces below 100 pN 

were presumably due to non-specific interactions of the biotin-coated tip to the 

streptavidin-coated surface, non-specific interactions of the biotin-coated tip at other than the 

structural site of the attached streptavidin or the structural arrangement of the streptavidin at 
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the glass interface that lead to a structural packing with limited biotin binding ability
47

, or an 

equilibrium between the association and dissociation process
48,49

 respectively. Indeed, control 

experiments showed that biotin-coated tips brought in close proximity of the 

glutaraldehyde-coated glass surfaces resulted in a rupture force of only about 8.6±7.1 pN. 

 

 

 

Figure 2: Binding forces between streptavidin and its ligands, namely anti-streptavidin 

antibodies and biotin used as control. (a) Contact mode force map analysis of the rupture 

force between representative anti-streptavidin antibody-coated tip and streptavidin-coated 

glass surface. (b) Contact mode force map analysis of the rupture force between 

representative biotin-coated tip and streptavidin-coated glass surface. The colored squares are 

associated with different values of the rupture forces being measured, with the darker 

representing smaller and brighter colors representing larger rupture forces respectively. (c) 

Representative distribution of the rupture forces between streptavidin-coated glass surface 

and anti-streptavidin antibody-coated tip. (d) Representative distribution of the rupture forces 

between streptavidin-coated glass surface and the biotin-coated tip. The distributions were 

obtained from independent force maps, with the two force maps for the individual ligands 

being analyzed being also representatives of all parallel experiments (n=12). 
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Figure 3 plots the mean rupture force against the loading rate for the unbinding process 

of the two different ligands
50

, with Figure 3a showing the loading rate dependence of the 

rupture force in the unbinding process of the anti-streptavidin antibody-coated tip and the 

streptavidin-coated surface and Figure 3b of the biotin-coated tip and the streptavidin-coated 

surface respectively. The analyses are based on at least 12 independent replicates performed 

for each of the protein-ligand complex being investigated. The red solid lines represent the 

linear fitting for the two protein-ligand complexes being considered, with each complex 

containing two regimes. Namely, for the anti-streptavidin antibody-streptavidin complex, the 

average rupture force between the coated tip and the streptavidin-coated surface showed a 

rapid decrease in the loading rate ranging from 690000 pN/s to 18400 pN/s, followed by a 

more gradual decrease in the 161000 pN/s to 11500 pN/s range respectively. For the control 

with the biotin-coated tip, the rupture force between the functionalized tip and the 

streptavidin-coated substrate decreased with the loading rate. The average rupture force 

dropped from 601 pN to 142 pN as the loading rate dropped from 150000 pN/s to 7500 pNs. 

However, in the slower loading rate (ranging from 2500 pN/s to 250 pN/s), the average 

rupture force was minimally changed (from 130 pN/s to 115 pN/s) which could be due to the 

association and dissociation processes between the two ligands being at equilibrium
48,49

. 

Analysis also showed the presence of additional points in the loading range from 2980 to 

8103 pN/s (ln(Lr)=8~9) which were identified as being contained in a so-called “intermediate 

region”. 

 

Figure 3: Loading rate dependence on the rupture force in the unbinding process of the (a) 

anti-streptavidin antibody-streptavidin; and (b) biotin-streptavidin respectively. The x axis is 

the logarithm of the loading rate while the y axis represents the rupture force; 12 independent 

force maps were obtained for each of the protein-ligand being investigated. 
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Kinetics of the association and dissociation of protein-ligand complexes recognition 

events 

For the quantitative analysis of the unbinding characteristics of the protein-ligand 

complexes, we employed Bell-Evans model
51,52

 and Kramer’s theory
53

 and evaluated the 

dissociation rates and energy barriers. Briefly, Bell-Evans model predicts a linear relationship 

between the rupture force and the logarithm of the loading rates
44

, with the dissociation of the 

protein-ligand complex under an external force being correlated to the applied external 

force
54

 by:      

 

 

(1)  

 

where k(F) is the off-rate of protein-ligand dissociation that depends on the external force 

being applied (Fx

), k0 is the dissociation rate constant in the absence of an external force, kB 

is the Boltzmann constant, T is the absolute temperature, and x
≠
 is the energy barrier width 

which relates to the distance between the binding partners and the transition state projected 

along the direction of the applied force
52

. As the applied force increased with time and the 

deformation of the cantilever, the likelihood of any bond formed between the tip and the 

surface to be broken also increased, allowing for the probability density (P) of the “surviving” 

population of bonds to be calculated function of the failure of a single bond and the time 

required to break that bond, i.e., t, respectively using: 

 

                                         (2)  

 

P has a maximum value when dP/dF=0 and F=Fmax respectively, where Fmax refers to the 

maximum force that could lead to the protein-ligand dissociation in one binding event and is 

function of the rupture force and loading rate through: 

 

                                             (3)  

 

By combining equations 1 and 3, and considering a constant loading rate Lr, the resulting 
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unbinding force is: 

 

or                           (4)  

 

From equation (4), the dissociation rate constant (k0) for anti-streptavidin streptavidin and 

streptavidin-biotin (control) respectively were calculated and included in Table 1. Specifically, 

based on the linear fitting of the average rupture force versus the natural logarithm of the 

loading rates for anti-streptavidin antibodies-streptavidin in Figure 3a, the linear equations 

for the higher loading and lower loading rate regions respectively were: F= 41.98 × ln(Lr)－

490.4, and F= 2.301 × ln(Lr)－7.513. The resulting dissociation rate constants, k0 of the 

anti-streptavidin antibody-streptavidin complex were thus 2814 s
-1

 and 10.19 s
-1

, while the 

energy barrier widths, x
≠

, were 0.097 nm and 1.73 nm.  

Analyses also showed that the values of the dissociation rate constants were smaller for 

the anti-streptavidin-streptavidin complex when compared to control biotin-streptavidin 

complexes thus suggesting that the bond lifetime (1/k0) of the anti-streptavidin-streptavidin 

complex is much smaller than that of the control. Specifically, the linear equations for the 

higher loading rate region (i.e., F= 4.862 × ln(Lr)+ 86.78), allowed determination of k0 as 

24.94 s
-1

 and energy barrier width (x
≠
) as 0.031 nm for the control. Complementary, for the 

lower loading rate region, the linear equation was F= 133.87 × ln(Lr) - 1084.01 while the 

dissociation rate constant k0 was 3.64×10
-9

 s
-1

 and x
≠ 

was 0.84 nm.  

The above analyses confirmed previous studies that showed that there were at least two 

energy barriers (defined as inner and outer barriers respectively) for the biotin-streptavidin 

complex used as control, both presumably associated with the biotin binding close to the 

streptavidin pocket conformation (inner barrier) or at the last state before the unbound 

conformation (outer barrier)
39,46

. Similar results were obtained by Yuan et al., (0.05 nm)
43

 and 

Piramowicz et al., (0.024±0.003 nm)
55

 for the inner barrier, while for the outer barrier the 

results were 0.49 and 0.53 nm (Yuan et al.,
43

) and 0.38±0.21 nm (Rico et al.,
39

) respectively. 

The observed values were presumably related to the H-bond ruptures events as determined by 

the structural packing of the individual protein-ligand and the symmetry of the streptavidin 

tetramer itself
46

, with the outer energy barrier being attributed to the steric hindrance 

generated by the Trp120 amino acid which prevents the biotin from escaping during the 

unbinding process
46

. Yuan et al.,
43

 also found that the outer barrier width decreases (from 
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0.49 nm to 0.31 nm) while the k0 dissociation constant increases (from 1.67 ×10
-5

 s
-1

 to 

6.70×10
-3

 s
-1

) after they used a truncated form of streptavidin with the Trp120 changed to 

Phe120.  

 

Table 1: Bell Model Parameters from F vs ln(Lr) relationship 

 

 

Activation energy determination is function of the individual protein-ligand interactions 

Using Kramer’s theory that describes the kinetic off rate for unbinding of the two 

partners in the individual complex and equation 4, we calculated the activation energy of the 

protein-ligand interaction from the intercept and the slope in the individual linear fittings 

respectively, where the individual fittings were based on analysis of 12 independent replicates 

as: 

 

                                 (5) 

 
where ω is the frequency prefactor, fB is kBT/ x

≠
 with ΔE being the activation energy

50
. 

 

                                    (6) 

 

By substituting kB and x
≠
 into equation (6), the activation energies of the biotin-streptavidin 

complex was calculated as -3.20 kBT for the higher loading rate region and 19.44 kBT for the 

Ligand-prote
in complex 

Loading 
rate  

(pN/s) 

Energy 
barrier width 

x
≠
 (nm) 

 

Dissociation rate 
constant in the absence 

of an external force 

k0 (s
-1

) 

Activation energy 

E (kBT) 

Anti-streptav
idin 

antibody-stre
ptavidin 

11500 to 
161000 

1.73 10.19 -2.32 

18400 to 
690000 

0.097 2814 -7.94 

Biotin-strept
avidin 

250 to 
2500 

0.84 3.64×10-9 19.44 

7500 to 
150000 

0.031 24.94 -3.2 
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lower loading rate region respectively. Previous research showed that the activation energy 

for the biotin-streptavidin was in the range of 2.90 kBT to 35.91 kBT
56,57

.  

The difference in between our and previously reported results is presumably related to 

the complexity of the experimental set-up in which both the loading rate range (that 

controlled the rupture events) and the surface functionalization method (that controlled 

attachment and packing of the ligand or the protein at their respective interfaces) were 

different. In particular, considering that each streptavidin when free in solution has 4 binding 

pockets for biotin, with the number of pockets decreasing upon protein immobilization, and 

considering that the very end of the tip is a square with the radius of 42 nm where the size of 

the biotin is about 3 nm, the set-up geometry will allow for a large number of binding events 

to occur. Such events could lead to multi-bonds formation, all function of the overall distance 

of the coated cantilever from the substrate, the loading rate regime applied, the distribution of 

the binding pockets, the geometry of the protein and its ligands, as well as hindrance effects. 

These were confirmed by analyzing the “intermediate region” in which the outer barrier is 

governed by different interactions than the ones that govern the inner barrier also suggesting 

high enantioselectivities
58

 of the two binding partners, with the negative energies being 

presumably associated with conformational changes due to the binding of the ligand at other 

than the streptavidin pocket binding site itself
59

.  

For the anti-streptavidin antibody-streptavidin complex, the activation energies were 

-7.94 kBT for the higher and -2.32 kBT for the lower loading rate regions respectively. Similar 

results were obtained for other antibody-antigen pairs with research showing an activation 

energy of - 6.37 kBT for the arginine-glycine-aspartate (RGD) and human platelet αIIbβ3 pair
60

 

or - 6.4 kBT for the RGD and fibrinogen pair
61

. The negative values may illustrate that the 

binding event is not a two-state-one-step type, but it contains an intermediate step
62

 most 

likely associated with the re-arrangement of the two binding partners at the interfaces they 

were immobilized onto. The different values of the activation energy may also be due to the 

model being considered for the analysis
63

. It is arbitrarily however to speculate that there 

were two energy barriers in the anti-streptavidin antibody-streptavidin complex since the 

protein-ligand interaction that leads to this complex formation is more intricate than the one 

for the control biotin-streptavidin. In particular, the “Y”-shaped structure of the 

anti-streptavidin antibody with the two light and two heavy chains
64

 and its length of about 

10 nm can assume at least 4 different orientations when coated onto the tip surface, i.e., 

“end-on fab-up”, “end-on fab-down”, “side-on” and “flat-on”
64

. Such orientations could 
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presumably lead to reduced number of binding events with the protein-coated surface when 

in close proximity. While anti-streptavidin antibodies in the “end-on fab-up” structure have 

the highest probability to form a perfect bond with the immobilized streptavidin, other 

orientations resulting from either the protein or antibody’s packing at their respective two 

interfaces, as well as steric hindrance, are likely to generate non-specific interactions and thus 

explain the lower energy barrier of the complex. 

 

Controlling the specificity of protein-ligand recognition events allows for extended in 

vitro applications 

The average rupture forces as resulted from all the parallel experiments performed for 

both anti-streptavidin antibody-streptavidin and biotin-streptavidin complexes are presented 

in Figure 4. As shown, the control biotin-streptavidin complex had an average rupture force 

of 551 ± 132 pN while for the streptavidin-anti-streptavidin antibody complex the rupture 

force was 50.2 ± 12 pN. The rupture forces for other sets of controls, i.e., biotin or 

anti-streptavidin antibodies coated to the tip and brought in close proximity to only the 

glutaraldehyde-coated glass surfaces, were 8.6 ± 7.1 pN and 12.2 ± 6.8 pN respectively. 

Those additional controls were accounted to eliminate concerns related to ligand unbinding 

from the tip.  

The performed Student’s T-test showed that the average rupture forces between 

biotin-streptavidin and anti-streptavidin antibody-streptavidin complexes were significant 

from each other and significant from their controls respectively. The differences in the 

average rupture forces between the two pairs of ligands confirmed previous results that 

allowed calculations of the activation energy. In particular, with the activation energy of the 

biotin-streptavidin bond being much larger than that of the anti-streptavidin-streptavidin bond, 

a larger force will be required to cross that energy barrier. This analysis suggests that 

controlling the specificity of binding and limiting non-specific interactions through fine 

tuning of the protein-ligand interactions can help identify the disposition of protein binding 

pocket site, its packing at nanointerfaces, as well as shed light into its energetic 

characteristics as linked to a particular sequence/structure and the protein-ligand recognition 

event.  
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Figure 4.: Histogram of the average rupture force between streptavidin and its ligands, with 

at least 240 independent force maps analyses being performed for each of the complexes 

being investigated. Control I and control II represents the average rupture force between 

biotin- and anti-streptavidin antibody-coated tip and the glass respectively (with at least 60 

independent force maps for each of the controls). A Student T-test was carried out with the 

significance level of p*<0.05; (*) indicates significance between individual complexes and 

the control while (***) indicates significant from the different complexes. 

 

Our study has the potential to advance biomedical applications. For instance, knowing 

that ELISA assay relies on the antibody immobilized on the substrate to capture the target that 

subsequently allows for a color change
28

, assays can be developed to recover the 

antibody-antigen and make the substrate reusable. Further, by applying a known rupture force 

to break a specific protein-ligand bond when using controlled microfluidic flow or 

differentiating between “perfect” versus “imperfect” bonds, immuno-separation assays can be 

optimized. Specifically, by considering the orientation of the antibodies at nanointerfaces, a 

higher sensitivity and selectivity could be achieved if all the antibodies will be in an “end-on 

fab-up” orientation to allow efficient capturing of the corresponding protein with the 

binding-breaking event performing as an “on-off switch” in vitro. Lastly, when the target 

binds to its receptor, the protein-ligand complex could be considered an “on” switcher while 

applying a specific force to break this bond will create an “off” switcher to be possibly used 

for diverse applications from biosensors to gene expression
65

.  
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Conclusions 

In this study, the energetics of anti-streptavidin antibody-streptavidin complex was 

studied by AFM and compared to that of the well-known biotin-streptavidin bond. 

Multi-Gaussian fitting showed that a multi-binding events occurred between the biotin-coated 

AFM tip and the streptavidin-coated glass surface, which are in contrast with a single binding 

event observed to occur between the anti-streptavidin antibody and the streptavidin surface. 

Results also showed that the “Y” shaped structure of the anti-streptavidin antibodies and their 

packing at the interfaces are more likely to form imperfect bonds with their protein ligand, 

thus decreasing their required rupture forces. Kinetic parameters, such as the energy barrier 

width, activation energy, dissociation constant of both protein-ligand complexes were 

obtained from Bell-Evan’s model to help evaluate and categorize protein-ligand binding 

affinities possibly to be extended for biomedical applications.   
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Chapter 2: Bio-pen for direct writing of single molecules on user-functionalized surfaces 

 

Abstract 

 Advancing ultrahigh resolution (below 10 nm) direct writing technologies could lead to 

impacts in areas as diverse as disease detection, genetic analysis and nanomanufacturing. 

Current methods based on electron-beam, photo- or dip-pen nano-lithography are laborious 

and lack flexibility when aiming to generate single molecule patterns for application specific 

integration. We hypothesize that a novel strategy could be developed to allow for writing of 

parallel and yet individually addressable patterns of single molecules on user-controlled 

surfaces. The strategy is based on using the in vitro self-recognition of tubulin protein to 

assembly the rigid protofilaments of a microtubule, with such microtubule to be subsequently 

used as a ―biopen‖ capable of writing ―inks‖ of single kinesin molecules in user-defined 

environments. Our results show that single kinesin inks could be written under the chemical 

hydrolysis of adenosine triphosphate and observed under both atomic force and optical 

microscopy. Upon extending inks functionalities, integration of soft and hard materials for 

nanostructure assembly and complex single molecule pattern formation is envisioned.   
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Introduction 

Single molecule or component direct writing could impact areas as diverse as 

nanomaterials and nanostructure assembly
1,2

, disease detection
3
 and genetic analysis

4
. 

Current methods for advancing nanomaterials/nanostructure formation are based on 

electron-beam lithography
5
, photolithography

6
, polymer pen lithography

7
, or micro-contact 

printing
8
 and are used to deposit or assembly dots

9
, lines

10
 and arrays

11
. Using electron-beam 

lithography for instance led to custom nanostructures‘ formation at a resolution of about 60 

nm to be serving for grouping small numbers of nanometer-sized gold clusters and for the 

facile fabrication of nanosensors
12

. Hierarchical super-hydrophobic well-ordered secondary 

nanostructured surfaces were successfully produced by dual-scale electron-beam lithography 

for self-cleaning applications
13

. Complementary, in disease detection, UV nanoprinting led to 

the formation of large area arrays of goat anti-human kappa chains for fast, low-cost 

screening of leukemic cancer marker
14

. Similarly, rapid-disease screening assays for 

advancing genetic analysis immunoarrays
15

 were developed using microcontact printing; the 

same technique was also applied for the formation of DNA arrays
16

 for ultrasensitive and 

simultaneous detection of cancer biomarker prostate specific antigen (PSA) and interleukin-6 

(IL-6) proteins in serum, all at sub-pg·mL
−1

 levels. However, such printing technologies do 

not work routinely in the sub-50-nm regime especially when features are to be made from 

mixed hard and soft materials
15

. Further, laborious and difficult steps are limiting techniques‘ 

flexibility when aiming to generate parallel and yet individual patterns of multicomponent 

nanostructures to increase integration and flexibility. Moreover, the light or heat sensitivity of 

the proteins and oligonucleotides used in genetic and disease testing platforms need 

integration of complex, additional and separate steps to be used for fabrication, however with 

many of such steps reducing both the activity and functionality of such biomolecules
17

. 

To increase flexibility for manufacturing and implementation, dip-pen nanolithography 

(DPN)
18

 and other DPN related technologies
19,20

 were proposed as viable alternatives. The 

high resolution, registration and direct-writing ability in both ambient and inert environments 

allowed the formation of specific structures such as dots
21

, lines
22

 and circles
23

 while 

eliminating the etching
24

 and avoiding cross-contamination
25

 normally associated with the 

other lithographic methods listed above. Further, the gentle writing ability led to the 

formation of patterns of biologically active proteins to be used for studying the hierarchical 

assembly processes of systems
26,27

 while DNA arrays
28

 were used for addressing 

bio-sensing-related sensitivity. However, even though increased versatility was achieved, 
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DPN continues to rely on non-specific capillary force for transferring of an ―ink‖ to a ―paper‖ 

which could lead to propagation of contaminants
29

. Furthermore, the technique lacks the 

ability to transfer individual molecules in a one-by-one fashion onto nanometer-sized spaces 

and is only capable to achieve about 20 nm resolution
27

. The next generation of direct write 

technologies should not only allow for individual separation of single molecules, but also for 

parallel and yet individual sustainability and attainability of the molecule or written 

components‘ diversity, all while increasing randomness and complexity of the deposited 

materials and under ambient temperature and pressure conditions.  

We propose to design the next generation of biological tools capable to create flexible 

single molecule patterns that have a high degree of individual, yet parallel characteristics and 

could be used for site-specific transformations and integration into protein-driven 

nanomanufacturing strategies. Our strategy is based on using a user-friendly approach in 

which a microtubule cytoskeletal filament serves as an affixed ―biological pen‖ capable to be 

manipulated in vitro to provide the route for writing single molecules of kinesin 1 motor 

proteins, a.k.a. kinesin inks. In the cell, microtubules are giving structural integrity
30

 while 

serving as regular and uniform tracks for transport of vesicles
31

 or organelles
32

; microtubules 

are growing with their plus end (fast growing end) towards the cell periphery while the slow 

end (or minus end) is oriented towards the cell nucleus. Kinesin uses a microtubule track in 

vivo to progress to specific locations with processive
33

 and coordinated 8 nm steps
34

, and in 

vitro with speeds below 1 µm/s, all under the transformation of the chemical cycle of 

adenosine triphosphate (ATP) into mechanical work and towards the fast growing end (or 

plus end) of the microtubule
35

.  

Our strategy demonstrates the ability to write individually addressable kinesin patterns, 

all with nanometer resolution as dictated by the kinesin molecular step, on user-engineered 

surfaces. Considering the genetic capability for kinesin functionalization, it is envisioned that 

different kinesin-tagged inks and thus complex nanostructure writing capabilities could be 

introduced in the future, all to lead to the formation of single molecule patterns with high 

feasibility and versatility for advancing areas as diverse as nanomanufacturing and disease 

detection.   
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Materials and Methods 

Expression of fluorescently labeled kinesin molecular motor 

Plasmid pPF_dmKHC-EGFP encoding for the dmKHC-EGFP protein (molecular weight 

91.7 kDa), and consisting of the Drosophila melanogaster kinesin delta tail (dmKHC) linked 

to the C-terminal end of the EGFP (enhanced green fluorescent protein) his-tagged on the 

protein‘s C-terminus was obtained at West Virginia University. The coding sequence was 

copied by polymerase chain reaction (PCR) from the pPK124 plasmid, a kind gift of Prof. 

Jonathan Howard, Yale University. Briefly, a set of primers of known sequences 

(CAAAGGAGATATACATATGAGCGCAGAACGAGAAATTCC and 

CTCGCCCTTGCTCAC.GCTCCCACGCGGAACAAG respectively) were used; pPF_EGFP 

plasmid was a pTriEx-4 plasmid (Novagen, MA, USA) carrying the coding sequence for a 

C-terminal his-tagged EGFP protein.  

The pPF_EGFP plasmid was first linearized by treatment with the NcoI endonuclease 

(New England Biolabs, USA). Both the linearized pPF_EGFP plasmid and the pPK124 PCR 

amplicon were then gel purified and assembled using a Gibson assembly kit (New England 

Biolabs, USA) and per the manufacturer‘s protocol. The assembled DNA sequences were 

subsequently introduced into E. Coli strain Stbl4 (Invitrogen, Fisher Scientific, USA); clones 

were screened by endonuclease treatment and small-scale protein expression followed by 

standard lab purification was applied.  

The pPF_dmKHC-EGFP plasmid was transformed into the E. coli strain BL21(DE3) 

pLysS (Stratagene, Agilent Technologies, USA). Protein expression was induced with 1.0 

mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 16 
o
C for 18 h. The cell pellet was 

subsequently resuspended into ice-cold lysis buffer containing 50 mM 

tris(hydroxymethyl)aminomethane hydrochloride (Tris/HCl), pH 8.0, 50 mM sodium chloride 

(NaCl), 2 mM magnesium chloride (MgCl2), 0.1 mM adenosine 5‘-triphosphate (ATP), 2% 

Triton X-100, 10 mM β-mercaptoethanol, 0.4 mg/ml lysozyme, ethylenediaminetetraacetic 

acid (EDTA)-free protease inhibitor cocktail (reagents from Biotool.com, USA), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 8 % trehalose, and 10 U/ml of Pierce Universal 

Nuclease (Fisher Scientific, USA), in a volume of 10 mL of lysis buffer per 1 g of cell pellet. 

Any cellular debris was removed by centrifugation (performed at 20000 g, 4 
o
C, for 10 min), 

and the clear lysate was supplemented with 4 M NaCl to bring the final concentration to 0.5 

M.   

Expressed protein was purified using two Bio-scale mini IMAC cartridges (Bio-Rad 
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Laboratories Inc., USA) in series installed in a BioLogic DuoFlow chromatography system 

(Bio-Rad Laboratories Inc., CA, USA) by running two buffers, i.e., the wash buffer (50 mM 

sodium phosphate (Na3PO4), 0.3 M NaCl, 1 mM MgCl2, 10 μM ATP, 5 mM 

β-mercaptoethanol, 10% glycerol, pH 8.0) and the elution buffer (wash buffer with 0.5 M 

imidazole) respectively. The protein was then eluted by imidazole gradient and concentrated 

into 1 mL volume. A second chromatographic step was applied for further purification; 

specifically, a Superdex 200 10/300 GL gel-filtration column (GE Healthcare Life Sciences, 

USA) equilibrated with storage buffer (100 mM imidazole, 300 mM NaCl, 1 mM MgCl2, 10 

μM ATP, 1.0 mM 1,4-dithiothreitol (DTT), 10% sucrose, pH 7.0) was used. Lastly, the 

protein concentration was estimated using the Coomassie protein assay and bovine gamma 

globulin standard (reagents from Fisher Scientific, USA) while the purification process was 

monitored by classic sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). 

 

Synthesis of microtubule 

Microtubules were synthesized from free tubulin suspended in a microtubule 

polymerization solution according to established protocol
36

. Briefly, the polymerization 

solution was obtained by vortexing 5 μL 100 mM MgCl2, with 6 μL dimethyl sulfoxide 

(DMSO, 99.7%, Fisher Scientific, USA), 5 μL 25 mM guanosine-5'-triphosphate (GTP, 

Sigma, USA) and 9 μL  R 80 buffer (formed from a mixture of 80 mM 

piperazine-N,N‘-bis(2-ethanesulfonic acid buffer, 1 mM MgCl2 and 1 mM ethylene glycol 

tetraacetic acid (EGTA), pH 6.8; all reagents were purchased from Fisher Scientific, USA). 

To initiate microtubule polymerization, 2.5 μL polymerization solution was mixed with 10 μL 

of 4 mg/mL biotin and rhodamine labeled tubulin (Cytoskeleton Inc, USA) and the mixture 

was incubated at 37 
o
C for 30 min. To stabilize the resulting microtubules, the solution was 

dispersed in 1 mL  R 80 buffer containing 10 μM paclitaxel (Fisher Scientific, USA). The 

stabilized microtubules were kept at room temperature for experimental use.  

 

Inking of microtubules with kinesin molecules 

    Kinesins‘ ability to bind to the lab-synthesized microtubules was evaluated using a 

non-hydrolyzable form of ATP.  riefly, 8 μL of 10 μg/mL of kinesin expressed as previously 

described was mixed with 2 μL 20 mM adenylyl-imidodiphosphate (AMP-PNP, Sigma, USA) 

and incubated for 1 h at 4 
o
C. The mixture was subsequently mixed with 20 μL microtubules 
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(prepared as previously described) and 10 μL of  R 80 buffer containing 10 μM paclitaxel; 

resulting solution was incubated for 30 min at room temperature. Upon incubation, the 

unbound kinesin was separated in the supernatant by using an Allegra 64R centrifuge 

(Beckman Coulter, USA) and 30,000 rpm spinning for 10 min. The supernatant was 

evaluated using fluorescence microscopy (Nikon, USA). The resulting pellet was dissolved in 

40 μL  R 80 containing 10 μM paclitaxel and used immediately.  

 

Functionalization of a glass substrate 

Glass substrates were coated with anti-kinesin antibodies using a covalent binding 

strategy
37

. For this, glass slides (d=25 mm, Corning, USA) were first ultrasonicated in DI 

water, 99% ethanol (90%, Fisher Scientific, USA), and again in DI water, with 30 min for 

each of the sonication windows. Secondly, the slides were dried under vacuum for 1 day then 

exposed to UV light for 30 min. Thirdly, the glass slides were treated with Piranha solution 

(mixture of 96.4% sulfuric acid, H2SO4, and 30% hydrogen peroxide, H2O2, Fisher Scientific, 

USA) in a 3:1 volume ratio at 120 
o
C for 10 min. Such cleaned glass slides were subsequently 

washed with DI water and dried under vacuum for an additional day. Upon drying, the slides 

were immersed in 1 ml of 5% 3-aminopropyltriethoxysilane (APTES; Fisher Scientific, USA) 

in toluene (99.5%, Fisher Scientific, USA) and incubated at room temperature for 1 h. Upon 

time elapse, the slides were washed thoroughly with DI water, toluene and DI water and 

subsequently immersed into 1 mL 5% glutaraldehyde (Acros Organics, USA) in 0.2 M pH 

9.0 Tris-buffered saline (TBS, made from tris and hydrochloric acid, reagents purchased from 

Fisher Scientific, USA) at room temperature, for 1 h, with shaking at 200 rpm. Lastly, the 

slides were extensively rinsed with TBS, activated for 15 min in a 1 mL 160 mM 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Acros Organics, USA) and 80 mM 

N-Hydroxysuccinimide (NHS, Pierce, USA) in 2-(N-morpholino)ethanesulfonic acid buffer 

(MES, pH 4.7, Fisher Scientific, USA) and lastly incubated in 1 mL of 1 mg/mL anti-kinesin 

antibody (Antibodies Online, USA) in BRB80 at room temperature and 200 rpm for 3 h 

respectively. Upon incubation, the functionalized glass slides were rinsed thoroughly with 

BRB80 to remove loosely bound antibodies.  

 

Functionalization of an Atomic Force Microscope tip  

A TR-400PB tip (Asylum Research, USA) was functionalized with kinesin-inked 

microtubule. For this, the tip was first cleaned by immersion in 1 mL of deionized (DI) water 
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for 10 min, secondly by immersion in acetone (99.5%, Fisher Scientific, USA) for another 10 

min, and thirdly by immersion in DI water for an additional 10 min. Subsequently, the tip was 

dried under air, exposed to ultraviolet (UV) light for 30 min, rinsed with 100 mM pH 7.0 

phosphate buffered saline (PBS, made from mono-potassium phosphate (KH2PO4), 

dipotassium hydrogen phosphate (K2HPO4) and NaCl, all reagents purchased from Fisher 

Scientific, USA) and incubated in a solution of 50 mg/mL anti-tubulin antibody (Sigma, USA) 

for 3 h at 4 
o
C. Upon incubation, the tip was rinsed with BRB80 to remove loosely bound 

antibodies. Lastly, 40 μL kinesins-inked microtubule solution was dropped onto the tip 

surface and incubated for 10 min at room temperature; upon incubation, the tip was rinsed 

with  R 80 buffer containing 10 μM paclitaxel (Supporting Information Scheme S1). The 

functionalized tip was used immediately upon preparation (see below). 

 

Kinesin writing onto a functionalized glass substrate 

The inked tip was loaded onto the AFM head of a MFP-3D Bio (Asylum Research, USA) 

and engaged in close proximity of the anti-kinesin antibody functionalized substrate in 100 

μL gliding solution ( R 80 buffer containing 1mM MgATP, 20 mM D-glucose; both 

reagents were from Fisher Scientific, USA), 0.02 mg/mL glucose oxidase, 0.8 mg/mL 

catalase (both reagents from Sigma, USA) and 0.5% β-mercaptoethanol (Fisher Scientific, 

USA). Specifically, the set point, deflection and trigger point were set at -0.5 V, -2.5 V and 3 

nN respectively. The AFM head/tip was lowered manually until the Z voltage decreased to 

about 70 V. Subsequently the tip was engaged in the gliding solution for 1 min and 5 min to 

realize the writing process in contact mode (Supporting Information Scheme S1).  

Kinesin writing onto anti-kinesin functionalized glass slides was evaluated using an 

ATP-based assay
38

 and observed using both fluorescence and atomic force microscopy. For 

this, 100 μL gliding solution ( R 80 buffer containing 1mM MgATP, 20 mM D-glucose; 

both reagents were from Fisher Scientific, USA), 0.02 mg/mL glucose oxidase, 0.8 mg/mL 

catalase (both reagents from Sigma, USA) and 0.5% β-mercaptoethanol (Fisher Scientific, 

USA) were added onto the tip functionalized with the kinesin-inked microtubule and 

incubated for 5 min at room temperature. The writing process was observed using a 

fluorescent microscope and a 100 x objective (NA=1.4) under the DAPI and GFP filters and 

under an exposure time of 8.3 s. The obtained patterns of kinesin were evaluated using AFM 

in contact mode as described below. 
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Nanoscopic morphological analyses  

Morphology analyses of microtubules, kinesin, antibody-functionalized surfaces or 

surfaces contained the printed kinesins were performed using the MFP-3D Bio in contact 

mode. For these, the cantilever‘s spring constant was calibrated using the thermal noise 

method
39

 and the scan rate of the tip was fixed at 0.5 Hz. At least 6 experiments for each one 

of samples have been performed.  

For microtubule, mica sheets washed with DI water, ethanol and again with DI water, 

and subsequently dried overnight under vacuum and at room temperature, were used as 

substrates. The mica was functionalized with 20 μL APTES through incubation at room 

temperature for 15 min. Upon incubation, the mica was washed with toluene and DI water; 

any remaining solution was removed under vacuum. For the physical characteristics of the 

microtubules, 20 μL of the sample with 0.5% glutaraldehyde was dropped onto the APTES 

functionalized mica and incubated for 1 h at room temperature. After the incubation, the 

surface was washed with 40 μL  R 80 containing 10 μM paclitaxel for at least 3 times and 

subsequently imaged.  

For the evaluation of kinesin and surfaces contained printed kinesins, 20 μL of the 

respective sample was dropped onto APTES functionalized glass slide (see above) and 

incubated for 1 h at room temperature. After the incubation, the surface was washed with 40 

μL  R 80 buffer containing 10 μM paclitaxel for at least 3 times and subsequently imaged.  

Contact mode AFM was performed to evaluate the functionalized surfaces‘ roughness. 

The obtained images were flattened to remove curvature and slope effects from images. The 

root mean square average of height deviation (as taken from the mean image data plane) and 

the arithmetic average of absolute values of the surface height deviations (i.e., Rq and Ra) 

were calculated from the obtained flattened images. For the clean glass surface, APTES 

functionalized glass slide surface, APTES-glutaraldehyde-anti-kinesin antibodies 

functionalized surface and APTES-glutaraldehyde-anti-kinesin antibodies-kinesin 

functionalized surfaces, the evaluated areas were 5 μm × 5 μm.  The roughness of 

APTES-glutaraldehyde-anti-kinesin antibodies-kinesin functionalized surface was also 

evaluated on 1 μm × 1 μm areas. Lastly, for evaluation of the printed kinesin, the AFM tip 

was removed from the buffer after the printing process (1 min and 5 min respectively) and the 

surface substrate was washed thoroughly with  R 80 buffer containing 10 μM paclitaxel and 

subsequently imaged under AFM as described above.  
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Results and Discussion 

Nanoscale printing or direct writing has revolutionized applications ranging from 

analysis of biochemical mixtures
40

, to medicine
41

 and molecular-scale electronics
42

. 

However, in such applications, there are challenges associated with the high-throughput 

nature of the printed patterns or arrays of patterns, as well as with the limited parallelization 

flexibility that could allow for single molecule placement under ultrahigh resolution 

capability (below 10 nm)
43

. We hypothesize that a novel strategy could be developed to allow 

for direct writing of parallel and yet individual addressable patterns of single molecules on 

user-controlled surfaces. The strategy is based on using rigid filaments of cellular 

microtubules of nm diameters as pens to write inks of single kinesin molecules, in 

user-defined environments.  

To define the characteristics of the hypothesized writing strategy, we first demonstrated 

the feasibility of creating the microtubule pen (i.e., biopen). Specifically, we used rhodamine 

labeled tubulin as precursor for polymerizing microtubule in synthetic environment under the 

chemical energy of guanosine triphosphate (GTP)
36

; the overall biopen length was evaluated 

using optical microscopy (Supporting Information). The resulting pen was ―inked‖ with 

lab-expressed green fluorescent kinesin (Figure 1a). Kinesin‘s ability to ink the microtubule 

pen was evaluated under the non-hydrolazable form of adenosine-5-triphosphate (ATP), i.e. 

adenylyl-imidodiphosphate (AMPPNP), known to be acting as a kinesin-microtubule binding 

stabilizer
44

. Previous studies have showed that kinesin-AMPPNP complex recognizes and 

binds to the microtubule stably, with a submicromolar kd and a koff of ~0.0025 s
−1 45

.  

Contact mode atomic force microscopy (AFM) was used to confirm kinesin‘s ability to 

recognize the microtubule pen and evaluate an overall inking efficiency. For this, the 

microtubule inked with kinesin-AMPPNP complexes was first cross-linked with 

glutaraldehyde through Schiff base and Michael-type reactions
46

, immobilized onto 

3-aminopropyltriethoxysilane (APTES) self-assembled monolayer (SAM) derived surfaces
47

  

and subsequently scanned (Figure 1b and c respectively). 
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Figure 1: (a) The structure of the proposed kinesin-inked microtubule pen and its in vitro 

optical representation; microtubule is shown in red and kinesin is shown in green. (b) 

Schematic of the contact mode AFM analysis of the kinesin-inked microtubule pen. (c) 

Representative morphology of  the kinesin-inked microtubule pen. The beads represent 

individual kinesin molecules bound to the surface of an immobilized microtubule, under the 

chemical energy of adenylyl-imidodiphosphate (AMPPNP). (d) Representative morphology 

of a microtubule used as control. (e) Height profile analysis help evaluate the distributions of 

kinesin inks onto a microtubule pen. Upper image: readings are done across the sample to 

evaluate the changes in height as associated with individual bound kinesins. Lower image: 

readings follow sample‘s profile and help identify the change in the microtubule local 

diameter as a change in the height profile when a bound kinesin is encountered. (f) Average 

diameters of the kinesin-inked microtubule pens and of control microtubules respectively. 

Student‘s T-test considered significance level of *p<0.05. 
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Representative morphology of the kinesin-inked microtubule biopen is shown in Figure 

1d. Single kinesin molecules are seen as beads-like geometries distributed onto the linear 

structure of a surface immobilized microtubule. Control microtubule revealed a smooth, 

linear surface (Figure 1d). Analysis showed that the bead distribution led to a local increase 

in the microtubule‘s horizontal diameter (Figure 1e and 1f) from an average of 7.8 nm to an 

average of 14.4 nm (73 cases analyzed; herein the horizontal diameter is a reflection of the 

changes in height
48

 as recorded by the contact mode AFM
49

). Within such increase, individual 

kinesins diameters varied between 2 to 8 nm. The observed variation in kinesin‘s diameter 

was presumably due to the different orientations that a kinesin bound molecule could assume 

at the microtubule‘s interface
50

, i.e., a straight
51

 or a stretched along the length of one or more 

of the microtubule protofilaments conformation
50,52

 respectively. Our analysis are supported 

by previous reports that show kinesin dimers immobilized onto surface immobilized 

microtubules to lead to average 5 nm changes in microtubule‘s diameter
53

. Also, Kacher et 

al.,
54

 showed that single kinesin heads lead to 6 ×3.5 ×3 nm
3
 changes in microtubule diameter 

while Hu et al.,
55

 showed sizes of 2~7 nm as associated with single kinesin molecules 

immobilized at such interface. 

Upon demonstrating kinesin‘s ability to recognize and ink a microtubule pen, we created 

a ―holder‖ capable to allow affixing of the microtubule biopen. The holder consisted of a 

biologically inert AFM tip functionalized with anti-tubulin antibodies (Figure 2a) where the 

efficacy/reproducibility of the loading of the biologically inert tip was controlled by the local 

distribution of the anti-tubulin antibodies. Figure 2b shows the kinesin-inked pen affixed 

onto the AFM tip through site specific interactions based on ligand recognition reactions 

between tubulin (from the pen) and anti-tubulin antibodies (immobilized at the tip) as 

observed under optical microscopy. Nonspecific kinesin attachment (green tip 

co-localization) was noted being presumably due to kinesin‘s strong submicromolar binding 

affinity
56

.  
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Figure 2: a) Schematic drawing of the AFM tip functionalization with anti-tubulin antibodies 

for controlled affixing of the kinesin-inked pen. b) Left upper: optical microscopy image 

showing the microtubule pen immobilized onto the tip through tubulin-anti-tubulin specific 

interactions. Left lower: optical microscopy image showing green kinesin inks onto the 

immobilized microtubule. The white dashed lines depict tip‘s profile. Right: representative 

fluorescence image of the kinesin-microtubule pen affixed at the tip formed from the merged 

images of red (microtubule) and green (labeled kinesin) signals. c) Representative fluorescent 

images of the kinesin ink (green) moving onto an affixed microtubule pen (red). The distance 

traveled allows for a measurable speed of about 3 μm/s. d) The relationship between the 

visually observed length and the actual length that kinesin could travel onto an affixed pen. 

The different orientations of the affixed microtubule led to the different angles () of 

observation.  
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Upon demonstrating the successful affixing of the kinesin-inked microtubule pen at the 

AFM tip, we evaluated the ability of the pen to ―dispense‖ such ink. Herein the dispensing is 

defined as the ability of kinesin to move along the affixed microtubule, under the 

exchangeable ATP energy; it is known that in kinesin moving, a single 8 nm step is 

correlated to an individual ATP hydrolysis event
34

.  

Optical microscopy analysis confirmed the ability of the pen to dispense the inked 

kinesin (Figure 2c; also Supporting Information Figure S1). The average dispensing speed 

(defined as the total length that the kinesin is able to travel onto the affixed microtubule over 

a period of time) was 1.67 ± 1.42 μm/s, as calculated from 29 independent experiments. The 

large variation in the dispensing speed was presumably due to the different orientations that 

an affixed microtubule could have at the tip (Figure 2d) and/or the limited resolution 

available for the single molecule optical signal processing. Specifically, an attached 

microtubule could have different orientation angles (θ) relative to the focal plane of the tip to 

lead to a variation in the observed length traveled (Lobs) versus the actual length (Lact)
57

 being 

traveled; further, standard microscopy ability to capture height distributions of specific 

fluorophore-labeled structures was shown to be limited by the signal co-localization
58

.  

Upon evaluating the ability of the affixed pen to dispense its ink, we developed a strategy 

for ―capturing‖ such ink at specific location on a user-functionalized surface (Supporting 

Information Scheme S1). For this, it was proposed that the affixed kinesin-inked microtubule 

pen (with kinesin bound in the AMPPNP state) needed to be brought in close proximity to an 

anti-kinesin antibodies coated surface. In an initial first step, anti-kinesin antibodies used to 

allow affixing of the pen were immobilized through a multi-step strategy by using APTES as 

precursors. Aldehyde groups of glutaraldehyde were also used for zero-length chemistry to 

allow formation of imine linkages with the primary amine groups onto the kinesin molecules 

(Figure 3a)
59

. Anti-kinesin antibody surface functionalization was demonstrated using 

surface roughness analysis performed under contact mode AFM (Figure 3b, Supporting 

Information Eq. 1 and 2), on 4 µm
2
 areas. Specifically, analysis of the surface height 

deviation (i.e., Rq)
60

 showed an increase in surface roughness from 0.64 nm to 0.79 nm for 

the APTES-functionalized surface relative to the bare (non-functionalized one) (Supporting 

information Figure S2a, b and Figure S3a, b respectively). Similarly, analysis of the 

arithmetic average of the absolute values of the surface height deviations measured from the 

mean plane (i.e., Ra)
60

 showed an increase in the surface roughness from 0.78 nm to 0.99 nm 

for the APTES functionalized surface again, relative to the bare (non-functionalized one). 
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Complementary, Rq and Ra for the APTES-glutaraldehyde-anti-kinesin antibodies 

functionalized surface were 1.12 nm and 1.54 nm  (Supporting information Figure S4 a, b 

respectively).  

 

 

Figure 3: a) Schematic of the glass multi-step functionalization process through zero-length 

chemistry and antibody binding through APTES-based reaction. b) Representative AFM 

morphology of anti-kinesin antibodies coated surfaces and the statistical variation in such 

height distribution (as depicted on the red line). c) Schematic of single kinesin molecules 

written by the affixed microtubule pen. d) Representative AFM morphology and distribution 

of single kinesin molecules written by the affixed microtubule pen and the statistical variation 

in the height distribution of kinesin immobilized onto anti-kinesin antibody (as depicted on 

the red line). The possible geometries and resulting anisotropies are discussed relative to the 

individual molecule packing at the user-functionalized interface.  

 

In contact mode AFM, the anti-kinesin antibodies functionalized surface appeared 

generally smooth with isolated anisotropies of dots-like geometries (Figure 3b). Surface 

analysis of such dots geometries revealed heights between 2 to 8 nm (70 geometries 

evaluated). The recorded anisotropy is due to binding geometries that the antibodies and 

APTES could assume at the mica. Specifically, previous reports have showed that APTES 

could assume 5 different orientations (i.e. ―single siloxane‖, ―double siloxane‖, ―triple 

siloxane‖, ―polymer‖ and ―hydrogen bond‖ respectively, Supporting information Figure S5) 
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when immobilized onto a glass slide
36

, with individual orientation impacting the subsequent 

height distribution of the immobilized molecule. Complementary, previous analysis showed 

immobilized antibodies could also assume different orientations at a support interface from 

the ―End-on Fab-up‖, to the ―End-on Fab-down‖, ―Side-on‖ and/or ―Flat-on‖ geometry with 

such molecular packing not only affecting individual antibody orientation and height at a 

support interface, but also its individual rate and ability to bind other ligands
37

.  

The dispensing and capturing, a.k.a kinesin writing, was subsequently proposed as a 

kinesin molecule stepping off the inked microtubule when the AMPPNP was exchanged with 

ATP chemical energy to be captured by the proximal anti-kinesin antibodies (Figure 3c and 

Supporting Information Scheme S1). In particular, previous analysis have showed that 

kinesin molecules could walk processively with 8 nm steps and each step under one ATP 

hydrolysis event to subsequently dissociate once it reaches the end of an immobilized 

microtubule
61

. Further, previous research has also showed that the stepping length of a single 

kinesin molecule is influenced by experimental conditions such as the ATP concentration, 

salinity or load size just to name a few. In particular, Thorn et. al.,
62

 showed that single wild 

type kinesin had a stepping length of 1.0 ± 0.2 µm and 0.7± 0.1 µm, while single H1Q mutant 

kinesin showed a stepping length of 5.8 ± 1.6 µm and 1.5 ± 0.5 µm before and after treatment 

with subtilisin respectively. Further, Nishiyama et al.,
63

 showed that the stepping length and 

velocity of the kinesin is a function of load. Authors estimated that a single kinesin at zero 

load had a run length of about 3.6 µm, at a velocity of about 930 nm/s. The run length and 

velocity decreased to 0.2 µm and 230 nm/s for a 3.8 pN load, and to zero when the load 

increased to 7.6 pN. Lastly, intramolecular tension generated by the―neck linkers‖ was also 

shown to affect the kinesin stepping length
64

. For instance, Yildiz et al.,
64

 presented a wild 

type kinesin that had a run length of about 2 µm while the run length varied from about 1.5 

µm to about 2.3 µm for a kinesin with different neck linkers.  

Considering that orientation of both APTES and anti-kinesin antibodies leads to 

anisotropic geometries
36,65

, we further hypothesized that any kinesin dispensed from the 

microtubule pen to be written onto the anti-kinesin antibodies would not only lead to an 

additional increase in local surface roughness at its place of binding to the anti-kinesin 

antibodies, but it would also have a locally distributed geometry that will mimic the initial 

surface dot-like one. Indeed, for the first, kinesin writing led to an additional increase in 

surface roughness, i.e., from 1.12 nm to to 4.00 nm for Rq and from 1.54 nm to 5.02 nm for 

Ra for the APTES-glutaraldehyde-anti-kinesin antibodies-kinesin relative to the 
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APTES-glutaraldehyde-anti-kinesin antibodies functionalized surface (Figure 3d, Supporting 

information Figure S6 a, b). Kinesin written onto the anti-kinesin antibodies assumed a 

dot-like conformation of recorded heights (horizontal diameter) between 4~17 nm (109 

molecules evaluated; Figure 3d). Results are supported by previous analysis that showed that 

immobilized kinesin could assume heights of 10.0 ± 1.8 nm for long or 8.6 ± 2.1 nm for short 

a short diameter
66

. Others have also showed using electron micrographs globular distributions 

of kinesins with a diameter of 9~10 nm
67

.  

The height variation observed for the written kinesin, similarly to the height variation of 

the antibodies/APTES surfaces, could be due to the packing of the individual kinesin 

molecule as resulted from its defined protein-protein interaction. Specifically, since kinesin 

could assume either a stand up or a lay on geometry
68

, kinesin-antibody conjugates could also 

assume different geometries. Specifically, Figure 4a shows the multi-Guassian fitings of the 

height distributions for the two functionalized surfaces, namely anti-kinesin antibodies and 

kinesin-anti-kinesin antibodies respectively. For the anti-kinesin antibodies, peaks heights 

varied from 2 nm to 17 nm with most of them showing heights smaller than 11 nm. The blue 

solid line resulted from the guassian fit identified the average height of anti-kinesin antibody 

of 5.54 ± 2.91 nm and two peak distributions at 4 nm and 8 nm respectively. These could be 

presumablly associated with single anti-kinesin antibody with different orientations and/or 

anti-kinesin antibody conjugates respectively. For the kinesin-anti-kinesin antibodies, the 

heights changed from 4 nm to 29 nm with a dominant regime in the 4~20 nm range. The red 

solid line showed the gaussian fit results and identified an average height of 

kinesin-anti-kinesin antibodies of 11.26 ± 5.73 nm with two peak distributions at 8 nm and 12 

nm respectively. Such peaks may be associated with the height of single kinesin-anti-kinesin 

antibody pair and/or kinesin-anti-kinesin antibody conjugates respectively. In addition, there 

is an overlap area (between 6~8 nm) of the height distributions for both anti-kinesin 

antibodies and kinesin-anti-kinesin antibodies respectively. In this area, the height of the 

anti-kinesin antibodies could be mainly measured on anti-kinesin antibody conjugates or 

single anti-kinesin antibody with a stand orientation (both ―End-on Fab-up‖ and ―End-on 

Fab-down‖ orientations). Complementary, the heights of the kinesin-anti-kinesin antibodies 

could be associated with single kinesin-anti-kinesin antibody pairs with a lay orientation 

(kinesin bound with an antibody in ―Side-on‖ or ―Flat-on‖ orientation, single anti-kinesin 

antibodies and kinesin with a stand orientation (both ―Side-on‖ and ―Flat-on‖ orientations). 

Further, we hypothesized that longer contact time between the affixed biopen and the 
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anti-kinesin functionalized surface will lead to writing capabilities of individual kinesin 

molecules that mimic the geometry of the biopen. Our analysis showed that indeed, allocating 

more time for writing, leads to controllable geometries of kinesin molecules on the 

user-functionalized surface. Specifically, upon increasing the writing time (i.e., the time 

allocated for the affixed pen to be in close proximity of the anti-kinesin antibody coated 

surfaces), circular patterns of kinesin were obtained (Figure 4b). Such circle-like structure 

was presumably formed by kinesin molecules walking, dissociating and binding onto the 

anti-kinesin antibody surfaces from the different profilaments they occupied on the affixed 

pen. Such assumption is based on previous research that showed single kinesin molecules 

walk processively on individual microtubule protofilaments towards its positive end
33

. This 

assumption is also supported by our own analysis of the changes in the surface distribution 

upon longer writing time. Specifically, the representative height variations observed for the 

written kinesin in the circle patterns were about 9 nm and 15 nm respectively. The Rq and Ra 

were 4.38±0.84 nm and 2.92±0.76 nm for the area with circle pattern and 1.92±0.34 nm and 

1.52±0.13 nm for the area without the pattern.  

The strategy presented herein is the first demonstration of a functional biological pen 

with the ability to write single molecules on user-functionalized surfaces. Such pen could in 

the future be used for writing soft molecules but also modified inks. For instance, one could 

envision functionalizing kinesin with nanosphere
69

 or CdSe quantum dot nanocomposites
70

 

for writing of such individual inks in a parallel yet independent manner, all with sub-nm 

resolution dictated by a single kinesin step of 8 nm and to be used for applications in 

electrocatalysis
71

, sensing
72

 and bioimaging
73

. Moreover, one could envision controlling the 

ability to dispense such ink by controlling the energy provided at a given time. Indeed, 

previous analysis
74

 has showed that controlling ATP concentrations could lead to differences 

in the kinesin speed ( from 10 nm/s for 1 μM to 550 nm/s for 1000 μM for instance). Further 

by controlling the affixing of the pen at the tip one could possibly control the holding position 

and the dispensing ability/efficiency. For instance, using anti-gamma tubulin antibodies 

would ensure only immobilization of the minus end of the microtubule
75

 with the plus end to 

be always exposed and in close proximity of the surface for continuous writing of inked 

kinesins
75

. Complementary, by using contact mode AFM association and dissociation events 

between the antibodies functionalized kinesin and the kinesin molecule could be possibly 

evaluated to differentiate multi or single bonds formed at such interfaces as well as their energy 

landscapes and their changes based on ligand structural arrangement at nanointerfaces and how 
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these depend on the specificity of the ligand-recognition reaction
37

. Lastly, it is envisioned that 

such a pen could potentially have the ability for parallelization while still providing 

individual writing nanometer characteristics. Specifically, considering that a microtubule is 

formed from 13 independent protofilaments
76

 with each one of the possible filaments to be 

used by multiple inks
77

 at a given time and for multiple inking cycles, one could envision the 

ability for controlled nanomanufacturing with ultra high resolution of a multitude of inks for 

applications in nanoelectronics, pick and place nanorobots or synthetic biology.  

 

Figure 4: a) The statistical variation in the height distribution of kinesin immobilized onto 

anti-kinesin antibody and control of height distribution of anti-kinesin antibody; 69 

anti-kinesin antibody and 104 kinesin bound anti-kinesin antibody were evaluated in the 

height distributions. The possible geometries and resulting anisotropies are discussed relative 

to the individual molecule packing at the user-functionalized interface. b) Kinesin walks on 

the different filaments of the microtubule and written onto anti-kinesin antibody 

functionalized surfaces (left) to be leading to circular morphological patterns (right).   
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Conclusions  

Our study successfully produced a bio-pen using an AFM inert tip and molecular 

structures isolated from the cell. Our results showed that the ink (single kinesin molecules) 

could be immobilized onto a biological pen (microtubule affixed at the AFM tip) and 

autonomously written onto user-immobilized anti-kinesin antibody coated substrate, all under 

the biochemical energy of ATP. The obtained biological pen has the ability to create different 

nanostructures on a user-functionalized substrate to be used in applications from biosensing, 

high-throughput screening to nanomanipulation and structure formation.  
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Supporting Information 

1. Strategy for printing single kinesin molecules on functionalized surfaces 

The process of microtubule’s controlled inking and affixing allow for regular geometries/ 

patterns of kinesin to be written on anti-kinesin antibodies user-functionalized substrates. The 

strategy is summarized in Scheme S1 include below.  

 

       

Scheme S1: Inking and AFM affixing of the biopen. Upon the biopen fabrication and affixing 

onto the AFM tip, the tip is brought in close proximity to the anti-kinesin functionalized 

surfaces to allow single kinesin molecule printing.  

 

2. Length of the microtubule 

Microtubule length was evaluated using optical microscopy. For this, microtubules were 

first synthesized from free tubulin suspended in a microtubule polymerization solution 

according to established protocol
3
. Briefly, the polymerization solution was obtained by 

vortexing 5 μL 100 mM MgCl2, with 6 μL dimethyl sulfoxide (DMSO, 99.7%, Fisher 

Scientific, USA), 5 μL 25 mM guanosine-5'-triphosphate (GTP, Sigma, USA) and 9 μL 

BRB80 buffer (formed from a mixture of 80 mM piperazine-N,N’-bis(2-ethanesulfonic acid 

buffer, 1 mM MgCl2 and 1 mM ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents 

were purchased from Fisher Scientific, USA). To initiate microtubule polymerization, 2.5 μL 

polymerization solution was mixed with 10 μL of 4 mg/mL biotin and rhodamine labeled 

tubulin (Cytoskeleton Inc, USA) and the mixture was incubated at 37 
o
C for 30 min. To 

stabilize the resulting microtubules, the solution was dispersed in 1 mL BRB80 buffer 



51 
 

containing 10 μM paclitaxel (Fisher Scientific, USA). The stabilized rhodamine labeled 

microtubules were analyzed under a 100 x objective (NA=1.4) on an MFP-3D Bio containing 

an integrated Nikon (Asylum/ Nikon, USA) and under the DAPI filter and an exposure time 

of 8.3 s. Average length distributions were 18.94 nm±8.41 nm (210 microtubule analyzed).  

 

3. Kinesin in vitro stepping assay 

Kinesins’ ability to bind and step off the lab-synthesized microtubules was also evaluated. 

First, kinesin ability to bind to the microtubules was evaluated by mixing 8 μL of 10 μg/mL 

of kinesin expressed in the lab (see Materials and Methods section of the manuscript) with 2 

μL 20 mM adenylyl-imidodiphosphate (AMP-PNP, Sigma, USA) and incubating the mixture 

for 1 h at 4 
o
C. The mixture was subsequently mixed with 20 μL microtubules (prepared as 

described in the manuscript in the Materials and Methods section) and 10 μL of BRB80 

buffer containing 10 μM paclitaxel; resulting solution was incubated for 30 min at room 

temperature. Upon incubation, the unbound kinesin was separated in the supernatant by using 

an Allegra 64R centrifuge (Beckman Coulter, USA) and 30,000 rpm spinning for 10 min.  

Secondly, kinesin stepping off the microtubule was evaluated upon suspending the inked 

microtubule (i.e., inked biopen) as indicated in the Schematic 1 above and using an 

ATP-based assay
4
. For this, 100 μL gliding solution (BRB80 buffer containing 1mM MgATP, 

20 mM D-glucose; both reagents were from Fisher Scientific, USA), 0.02 mg/mL glucose 

oxidase, 0.8 mg/mL catalase (both reagents from Sigma, USA) and 0.5% β-mercaptoethanol 

(Fisher Scientific, USA) were added onto the tip functionalized with the kinesin-inked 

microtubule and incubated for 5 min at room temperature. The writing process was observed 

using a fluorescent microscope and a 100 x objective (NA=1.4) under the DAPI and GFP 

filters and under an exposure time of 8.3 s. Other representative images of stepping assay are 

included below.  
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Figure S1: Time frame fluorescence images of the stepping assay from parallel/ individual 

experiments. Kinesin (green labeled) is shown moving on the immobilized microtubule (red).  

 

4. Calculations of the roughness factors Rq and Ra 

Roughness factors Rq and Ra were defined as the root mean square average of height 

deviation (as taken from the mean image data plane) and the arithmetic average of absolute 

values of the surface height deviations (as measured from the mean plane) respectively, and 

were calculated using equations 1 and 2 below: 

2

0

1
Z ( )

l

qR x dx
l

    (Eq.1), 

0

1
( )

l

aR Z x dx
l

 
    (Eq.2) 

Herein l is the total sample length and Z is the sample height
1
.  

  

5. Atomic Force Microscopy (AFM) morphology analyses  

a)  Clean glass substrate 

The morphology of a glass slide was evaluated using contact mode AFM and an MFP-3D 

Bio (Asylum, USA). For this, the glass slide (d=25 mm, Corning, USA) was first 
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ultrasonicated in DI water, 99% ethanol (90%, Fisher Scientific, USA), and again in DI water, 

with 30 min for each of the sonication window. Secondly, the slide was dried under vacuum 

for 1 day and subsequently exposed to UV light for 30 min. The morphology of the glass 

slide was evaluated by contact mode AFM in liquid. For the AFM analyses, the cantilever’s 

spring constant was calibrated using the thermal noise method; the scan rate of the tip was 

fixed at 0.5 Hz for all the experiments. At least 6 samples have been investigated to collect 

individual morphologies and results are shown in Figure S1. Rq and Ra of the clean glass 

substrate were calculated as listed above to result in 0.64 and 0.78 nm respectively.  

 

 

Figure S2: (a) Representative 3D AFM morphology analysis of a clean glass substrate. (b) 

Representative 2D AFM morphology analysis of a clean glass substrate. 

 

b)  Functionalized glass surface 

The morphology of the 3-aminopropyltriethoxysilane (APTES) functionalized surface 

was also evaluated according to the protocol described above. Herein the APTES 

functionalization was obtained by immersing the clean glass in 1 ml of 5% APTES in toluene 

(99.5%) with incubation at room temperature for 1 h. Upon time elapsed, the slide was 

washed thoroughly with DI water, toluene and again DI water to remove any unbound 

APTES. Rq and Ra of the APTES functionalized substrate were calculated from the Figure S2 

and equaled to 0.79 nm and 0.99 nm respectively.  
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Figure S3: (a) Representative 3D AFM morphology of the APTES functionalized substrate 

surface. (b) Representative 2D AFM morphology of the APTES functionalized substrate 

surface. 

 

c)  APTES-glutaraldehyde-anti-kinesin antibodies functionalized surface 

The morphology of the APTES-glutaraldehyde-anti-kinesin antibodies functionalized 

surface was also evaluated according to the protocol described above. Herein the 

glutaraldehyde-anti-kinesin antibodies functionalization was obtained upon immersing the 

APTES functionalized glass slide into 1 mL 5% glutaraldehyde in 0.2 M pH 9.0 Tris-buffered 

saline (TBS) at room temperature, for 1 h, with shaking at 200 rpm. Subsequently the slide 

was extensively rinsed with TBS, activated for 15 min in a 1 mL 160 mM 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide and 80 mM N-Hydroxysuccinimide (NHS) 

in 2-(N-morpholino)ethanesulfonic acid buffer (MES, pH 4.7,) and incubated in 1 mL of 1 

mg/mL anti-kinesin antibody in BRB80 at room temperature and 200 rpm for 3 h respectively. 

Upon incubation, the functionalized glass slide was rinsed thoroughly with BRB80 to remove 

loosely bound antibodies. Rq and Ra of the APTES-glutaraldehyde-anti-kinesin antibodies 

functionalized substrate were calculated and equaled values of 1.12 and 1.54 nm respectively. 
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Figure S4: (a) Representative 3D morphology of APTES-glutaraldehyde-anti-kinesin 

antibodies functionalized surface. (b) Representative 2D morphology of the 

APTES-glutaraldehyde-anti-kinesin antibodies functionalized surface. 

 

6. Possible orientations of the APTES on the glass slide 

According to previous research
2
, APTES molecules could potentially assume five 

different orientations upon immobilization onto glass slides. These are herein defined as 

“single siloxane”, “double siloxane”, “triple siloxane”, “polymer” and “hydrogen bond”, as 

resulting from the groups presumed to drive such interactions. Each orientation shows 

different height that could lead to the observed height variation recorded using AFM analysis. 

 

 

Figure S5: Possible orientations of the APTES at the glass substrate interface. 

 

7. AFM morphology analyses of the APTES-glutaraldehyde-anti-kinesin 

antibodies-kinesin functionalized surface 

The morphology of the APTES-glutaraldehyde-anti-kinesin antibodies functionalized 

surface was evaluated according to the protocol described above. Herein the kinesin had to be 

printed using the protocols enlisted in the main paper. Rq and Ra of the 

APTES-glutaraldehyde-anti-kinesin antibodies-kinesin functionalized substrate were 

calculated and equaled 4.00 and 5.02 nm respectively. 



56 
 

 

Figure S6: (a) Representative 3D AFM morphology of the 

APTES-glutaraldehyde-anti-kinesin antibodies-kinesin functionalized surface. (b) 

Representative 2D AFM morphology of the APTES-glutaraldehyde-anti-kinesin 

antibodies-kinesin functionalized surface. 
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Chapter 3: Protein self-assembly onto nanodots leads to formation of conductive 

bio-based hybrids 

 

Abstract 

The next generation of nanowires that could advance the integration of functional 

nanosystems into synthetic applications from photocatalysis to optical devices need to 

demonstrate increased ability to promote electron transfer at their interfaces while ensuring 

optimum quantum confinement. Herein we used the biological recognition and the 

self-assembly properties of tubulin, a protein involved in building the filaments of cellular 

microtubules, to create stable, free standing and conductive sulfur-doped carbon 

nanodots-based conductive bio-hybrids. The physical and chemical properties (e.g., 

composition, morphology, diameter etc.) of such user-synthesized hybrids were investigated 

using atomic and spectroscopic techniques, while the electron transfer rate was estimated 

using peak currents formed during voltammetry scanning. Our results demonstrate the ability 

to create individually hybrid nanowires capable to reduce energy losses; such hybrids could 

be used in the future for the advancement and implementation into nanometer-scale 

functional devices.   
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Introduction 

Nanowires have numerous interesting properties such as direct band gaps resulted from 

their quantum confinement 
1
, or precise control of their composition 

2
. Geometrical 

anisotrophy, increased surface to volume ratios, and dipolar magnetic properties are function 

of the nanowires shape 
3
 and were shown to influence their ability to transfer energy at 

interfaces, mostly because of the confinement of the electrons or the energy levels these 

electrons occupy 
4
. For instance, Fuhrmann et al. 

5
 reported a lithography method combined 

with molecular beam epitaxy, while Choi et al. 
6
 used an interface lithography technology 

combined with catalytic etching to create silicon nanowires arrays with demonstrated 

interfacial electron transfer. In addition, chemical vapor deposition (CVD) was employed to 

fabricate germanium-based nanowires at 275
o
C 

7
. However, such methods only allow for a 

limited control of the nanowire‘s structure–property relationships thus limiting its 

implementation in nano-functional devices. Further, the growth in porous templates typically 

produces polycrystalline materials of large diameters thus not offering the small size 

necessary to generate the quantum confinement effect 
8
. Moreover, the precursors used in the 

CVD process for instance, may be highly toxic (nickel tetracarbonyl), explosive (diborane), 

or corrosive (silicon tetrachloride) 
9
, thus posing a logistical burden to both the environment 

and the user. Lastly, the tedious and time consuming steps that the lithography technology 

requires restrict the large scale synthesis of such nanowires 
10

. 

Combining atoms or individual nanostructures might hold the promise for the next 

generation of alternative strategies aimed to create bottom-up nanowires to be integrated in 

synthetic nanodevices. As such, carbon nanodots (C-dot), i.e., photo-stable nanomaterials 

made out of carbon 
11

, have generated considerable interest for nanowires formation due to 

their ability to photo-induce electron transfer at their interfaces 
12

. Claims about effective 

charge-transfer properties also rendered C-dots usage as viable candidates for nanowire-based 

hybrid formation that could possibly reduce energy losses while ensuring efficient transport 

of electrons 
13

. However, so far reports only showed C-dots applications in photocatalysis 

14,15
, storage and transport of electrons 

16,17
, lighting systems 

18,19
, bioimaging 

20,21
, 

nanosensors 
22,23

 with improved surface-enhanced Raman scattering 
24,25

 or single-particle 

spectroscopy with photoluminescence ability varying with C-dot sizes 
15

. For instance Kang 

et al. 
26

 have demonstrated that iron oxide (Fe2O3)-C-dot-based composites have a higher 

photocatalytic activity as well as continuous and broad absorption in the 550–800 nm range 

relative to bare Fe2O3 nanoparticles. Bao et al. 
27

 found that the red shift in C-dot emission 
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capability was independent of its size. Properties such as strong photoluminescence resulted 

from the recombination of photo-generated charges on the defect centers of the C-dot 
28

 were 

exploited for the creation of the next generation of fluorescent probes capable to detect 

mercury in solution 
29,30

 or for Fe
3+

 detection 
31

. Complementarily, the high aqueous 

solubility, nanoscale size which resemble biological agents such as viruses, bacteria or 

pathogens 
32

, as well as their increased biocompatibility 
33

 were explored for drug delivery 

applications 
34,35

 or for ultra sensitive detection of tumor markers such as prostate protein 

antigen 
36

. However, before the C-dots integration in functional devices is to be achieved, 

charge-transfer properties at their interfaces need to be correlated to their ability to form 

conductive and controllable geometries.  

Several strategies attempted to create nanometer-scale integrated circuits to be used for 

optical devices 
37

 by considering closely spaced metallic nanodots as a possible solution to 

reduce energy losses at interfaces 
38

. For instance, Nomura et al. 
39

 fabricated a nanodot 

coupler from closely spaced structures and demonstrated its ability to convert propagating 

far-field to an optical near-field light 
40

. The high efficiency recorded in such an approach was 

a result of the coupling of the scattering at the metallic nanodot interfaces 
41

. Furthermore, 

when nanodot arrays were used as substrates, localized surface plasmon resonance detection 

of antigen-antibody binding was also demonstrated, with the analyses showing that the 

extinction peaks intensities associated with the specific detection were dependent on the 

height of the nanodot arrays as well as influenced the array‘s ability to detect the light 

transmitted at its interface 
42

. However, while these examples demonstrate the ability to create 

individual surface nanodot-based structures, they do not provide the proof-of-concept that the 

scaffold-addressable nanodots forming such structures are capable to reduce energy losses or 

advance nanometer-scale implementation of nanowires in functional devices. 

We aim to create the next generation of hybrid nanowires through self-recognition and 

self-assembly properties of biological molecules responsible for cell structure formation 
43

. 

Specifically, using user-synthesized sulfur-doped C-dots templates and tubulin, the precursor 

of microtubules cytoskeletal filaments, we demonstrated the ability to control the synthesis 

and stability of bio-based hybrid nanowires as well as their conductivity, to thus help evaluate 

their forecast for implementation in the next generation of functional nanodevices with 

nanometer size distribution and high quantum yield.   
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Materials and Methods 

Synthesis and characterization of the sulfur-doped carbon nanodots  

Sulfur-doped carbon nanodots (S-doped C-dots) were synthesized using a hydrothermal 

method 
31

. Briefly, 0.1 M 25 mL sodium citrate and sodium thiosulfate solutions (Tianjin 

Guangfu Technology Development Co., Ltd., China) were added into a 50 mL Teflon-lined 

stainless steel autoclave (Fuzhou Keleisi Test Equipment Co., Ltd., China) and the autoclave 

was incubated at 200 
o
C for 6 h. The resulting products were filtered through a 0.22 μm 

filtration membrane (Spectrum Laboratories, Inc. USA). 

Such user-synthesized S-doped C-dots were further characterized using both 

morphological and structural-based techniques. Specifically, for sample size and morphology 

analyses, contact mode Atomic Force Microscopy (AFM, Asylum Research, USA) with a 

silicon nitride tip (TR-400PB, Asylum Research, USA) in ambient or in solution was used. 

The trigger force was kept constant at 3 nN while the spring constant of the cantilever was 

measured before each experiment using established method 
44

. For these analyses, mica 

sheets were first washed with deionized water (DI water), ethanol (90%, Fisher Scientific, 

USA), and again with DI water, and subsequently dried under vacuum overnight and at the 

room temperature. The cleaned mica was subsequently functionalized with 

3-aminopropyltriethoxysilane (APTES, Fisher Scientific, USA; 20 μL, 99%) through 

incubation at room temperature for 15 min; any remaining solution was removed under 

vacuum. Solution of C-dots in DI water (20 μL; 0.05 mg/mL) was dropped onto the APTES 

functionalized mica and either dried under vacuum at room temperature for 3 h or used 

directly for imaging in contact mode.  

Elemental composition of the user-synthesized S-doped C-dots was evaluated using 

Energy Dispersive X-ray (EDX, JEOL JSM-7600F Scanning Electron Microscope, USA) and 

X-ray Photoelectron (XPS, Physical Electronics PHI 5000 VersaProbe XPS/UPS, USA) 

spectroscopies. The EDX was operated at 20 kV while the pass energy for XPS was 

maintained at 117.4 eV with a 0.5 eV step for survey scan or 23.5 eV and 0.05 eV for detailed 

scan respectively.  

Attenuated Total Reflectance Fourier Transform Infra-Red Spectrometry (ATR-FTIR; 

Digilab FTS 7000/UMA 600, USA) allowed for specific functional groups associated with 

the user-synthesized S-doped C-dots to be identified. The FTIR scans where performed in the 

700 to 4000 cm
−1

 range using a scan speed of 20 kHz and a 10 reflection diamond ATR. The 

FTIR software packages incorporated an ART correction algorithm for the resulted spectra.  

Synthesis of microtubule hybrid bio-nanowires or S-doped C-dots hybridized 
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microtubule 

Microtubules were synthesized according to established protocol 
45

 from free tubulin 

incubated in a microtubule polymerization solution. Briefly, the microtubule polymerization 

solution was obtained by vortexing 5 μL 100 mM magnesium chloride (MgCl2, Fisher 

Scientific, USA), with 6 μL dimethyl sulfoxide (DMSO, 99.7%, Fisher Scientific, USA), 5 

μL 25 mM guanosine-5'-triphosphate (GTP, Sigma, USA) and 9 μL  R 80 buffer (formed 

from a mixture of 80 mM piperazine-N,N‘-bis(2-ethanesulfonic acid buffer, 1 mM MgCl2 and 

1 mM ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents were purchased from 

Fisher Scientific, USA).  

To initiate microtubule polymerization, 2.5 μL polymerization solution was injected into 

10 μL of 4 mg/mL biotin-tubulin  (Cytoskeleton Inc, USA) and the mixture was incubated at 

37
o
C for 30 min. To stabilize the resulting microtubules, the solution was dispersed in 1 mL 

 R 80 buffer containing 10 μM taxol (Fisher Scientific, USA). The stabilized microtubules 

were kept at room temperature for experimental usage.  

For the bio-hybrid synthesis also called hybrid microtubule, first biotin-tubulin-S-doped 

C-dots-conjugates were formed using non-specific binding of biotin-tubulin onto S-doped 

C-dots scaffolds 
46
.  riefly, 1 μL 6 mg/mL synthesized S-doped C-dots were injected into a 

600 μL eppendorf tube containing 5 μL of 4 mg/mL biotin-tubulin and the mixture was 

incubated for 2 h at 200 rpm in an ice bath. Hybrids were assembled from the conjugates and 

free biotin-tubulin in solution as previously described.  riefly, 5 μL of 4 mg/mL free 

biotin-tubulin was mixed with the biotin functionalized tubulin- S-doped C-dots conjugates 

and an additional 2.5 μL microtubule polymerization solution, and subjected to 37 
o
C for 30 

min. When time elapsed, the hybrids were stabilized in  R 80 buffer containing 10 μM taxol 

and used for the experiments. 

 

Biological-based sample AFM analyses  

The biological-based samples (either microtubules, S-doped C-dots hybridized 

microtubules or biotin-tubulin) were analyzed for their morphology and physical 

characteristics using the AFM previously introduced (see quantum dots section). For this, 20 

μL of the sample with or without 0.5% glutaraldehyde (Fisher Scientific, USA) was dropped 

onto the APTMS functionalized mica surface (see protocol above) and incubated for 1 h at 

room temperature. After the incubation, the surface was washed with 40 μL  R 80 buffer 

containing 10 μM taxol for at least 3 times.  
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The AFM images were collected immediately after the washing step using contact mode 

AFM in solution as previously described (see quantum dots section). For these measurements 

the cantilever‘s spring constant was calibrated using the thermal noise method 
44

; the scan 

rate of the tip was fixed at 0.5 Hz for all the experiments. At least 50 (20 for microtubule, 24 

for S-doped C-dots hybridized microtubules or 6 biotin-tubulin) biological-based samples 

have been investigated to collect their morphology and for diameter analyses. The height of 

the samples (i.e., S-dots, microtubules, or hybrids) was estimated by running linear 

cross-sections at different points.  

For the microtubule diameter, we analyzed at least 72 individual microtubules collected 

from 20 independent images. The diameter distribution of S-doped C-dots hybridized 

microtubules was collected from 24 independent AFM images that included 93 individual 

microtubules. Lastly, no deconvolution of the tip was performed since previous analyses have 

showed that the width of the small objects as collected using AFM is often distorted due to 

the combination of the tip and sample geometries, while the height is not
47,48

.  

 

Fabrication of the modified gold electrodes 

To prepare for voltammetry measurements, 4 gold electrodes (CH Instrument Inc., USA) 

were first cleaned by immersion in Piranha solution (containing 96.4% sulfuric acid, H2SO4, 

Fisher Scientific, USA) and 30% hydrogen peroxide (H2O2, Fisher Scientific, USA) in a 3:1 

(v:v) for 10 min, then rinsed thoroughly with the DI water 
49

. Subsequently, the gold 

electrodes were polished successively with 1.0, 0.3 and 0.05 μm α-alumina (CH Instrument 

Inc., USA) powders and again rinsed with DI water to remove any impurities resulted from 

such polishing.  

All the clean gold electrodes were further activated by applying electrochemical 

oxidation-reduction cycles in sulfuric acid 
50

; specifically, the potential was cycled from -200 

to 1600 mV (vs. Ag/AgCl) at a scan rate of 50 mV/s in 0.5 M sulfuric acid on a VersaSTAT 3 

potentiostat/galvonostat (Princeton Applied Research, USA). The process was repeated until 

the cyclic voltammetry graph read for each of the electrodes became stable. Upon the 

treatment, the electrodes were rinsed thoroughly with the DI water and then used for sample 

functionalization analyses.  riefly, for the chitosan functionalization, 10 μL 1% (wt) chitosan 

in  R 80 containing 10 μM taxol was incubated onto the surface of one of one electrode, 

with the incubation being performed under vacuum and overnight. For the S-doped C-dots, 

microtubules or S-doped C-dots hybridized microtubules functionalization of the remaining 3 
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electrodes respectively, 10 μL 1% (wt) of chitosan in  R 80 containing 10 μM taxol was 

mixed with either 10 μL S-doped C-dots (0.5455 mg/mL), microtubules (32 nM) or S-doped 

C-dots hybridized microtubules (32 nM), and subsequently the solution was dropped onto 

each of the activated/clean electrodes and incubated overnight, all under vacuum.  

 

Electrochemical measurement 

Differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy 

(EIS) were performed on the VersaSTAT 3 potentiostat/galvonostat. For the DPV, the voltage 

ranged from 0.2 V to -0.6 V with a 50 ms pulse period, 49 ms pulse width, 50 mV pulse 

height and 1 mV pulse potential increment respectively. The DPV analyses were performed 

using 1.5×10
-4

 M methylene blue (MB, Fisher Scientific, USA) in BRB80 buffer 

containing10 μM taxol and 10 mM sodium chloride (NaCl, Fisher Scientific, USA). For the 

EIS, the frequency ranged from 0.01 Hz to 100000 Hz, while the amplitude of 5 mV was 

maintained constant. The EIS analyses have been performed in 50 mM potassium 

ferricyanide (K3Fe(CN)6; Fisher Scientific, USA) in BRB80 buffer containing 10 μM taxol. 

The choice of feerricyanide was based on previous literature reports which showed that this 

agent is suitable for evaluating electron transfer at an electrode surface 
51,52

. The supporting 

electrolyte used in our experiments is 10 mM NaCl. At least 6 experiments have been 

performed for each of the samples being reported.   
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Results and Discussion 

Herein we hypothesized that hybrid nanowires containing carbon nanodots (C-dots) can 

be obtained by using self-assembly and self-recognition-based biological processes. Further, 

we hypothesized that such hybrids‘ characteristics (both physical and chemical) can be 

manipulated to increase hybrid‘ operational stability and thus extend its features for possible 

nanometer-based device implementation.  

To demonstrate our first hypothesis, we synthesized nanowire-based templates of 

sulfur-doped carbon nanodots (S-doped C-dots) using a hydrothermal method and a mixture 

of sodium citrate and sodium thiosulfate solutions. Previous analyses showed that such 

S-doped C-dots have a high fluorescence quantum yield (67%) and could be used as 

fluorescent probes for iron detection 
31

. User-synthesized S-doped C-dots were evaluated for 

their physicochemical properties using atomic force microscopy (AFM), Fourier Transform 

Infrared Spectroscopy (FTIR), Energy-dispersive X-ray (EDX) and X-ray photoelectron 

(XPS) spectroscopy.  

AFM analyses performed in visual fields of 4 μm × 4 μm allowed for both S-doped 

C-dots as well as any resulting conglomerates identification. Well-separated and 

quasi-spherical nanodots are shown in Figure 1a insert, with the diameter distribution being 

shown in Figure 1b. Analyses revealed S-doped C-dots of a rather narrow size (between 2 to 

10 nm) and an average of about 7.3 nm (about 620 nanodots were analyzed). More than 81 % 

of the nanodots showed diameters of less than 10 nm indicating controlled synthesis that 

allowed for tight size selectivity. AFM analyses of S-doped C-dots sizes were also confirmed 

using high resolution transmission electron microscopy (HRTEM- Supplementary 

Information, Figure S1).  

FTIR help evaluate the chemistry of the user-synthesized S-doped C-dots to further 

ensure the feasibility of the method used for lab synthesis. Figure 1c identifies a broad peak 

at 3333 cm
-1 

which was attributed to the stretching vibration of the O–H bonds in the 

carboxylic acid (-COOH) group and/or intercalated water molecules obtained during the 

S-doped C-dots synthesis 
53

. The peak at around 2338 cm
-1

 was associated with the carbon 

dioxide (CO2) vibration 
54

 which could presumably be due to the mismatch between the CO2 

concentration in the atmosphere during the baseline acquisition and the atmospheric CO2 

concentration during the measurements, while the peak at 1582 cm
-1

 represents the 

fingerprint region of the carbonyl group (C=O), carbon oxygen bond (C-O) and hydroxyl 

(-OH) groups 
55

. The additional peak observed at 1423 cm
-1

 was ascribed to the –COOH
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group 
56

 while the peak at 1113 cm
-1

 was attributed to the C–O stretching and the association 

of the -OH bonds 
57

. Lastly, the peak at 993 cm
-1

 was attributed to C–O stretching and 

deformation 
57

, C–O–C bonds or free sulfite (SO
3-

) 
58

 respectively.  

EDX (Figure 1d) and XPS (Figure 1e) analyses helped evaluate the elemental 

composition of the user-synthesized S-doped C-dots and confirmed the presence of the 

starting elements used in such synthesis, namely C, O, Na and S. A detailed component 

analysis of their % distribution is shown in Table 1. High resolution XPS (Figure 1f and 1g) 

complemented the FTIR spectrum and confirmed the presence of sulfur (S2p), with two peaks, 

one at around 162.11 eV and the second one at 163.29 eV. The peaks were attributed to the 

sulfion (S
2-

) 
59

  and sulfite ion (SO3
2-

) 
60

 respectively, as resulted from the synthesis process. 

Complementarily, the C1s spectra is shown in Figure 1g and reveals characteristics 

associated with the C-C (284.7 eV), C-H (284.7 eV) 
61

, C-O (285.87 eV) 
62

 and C=O (288.43 

eV) 
63

 respectively.  

 

Table 1. Percentage distribution of the elements present in the user-synthesized S-doped 

C-dots. 

Element 

                          

(%) 

Method 

Carbon 

(C) 

Oxygen 

(O) 

Sodium 

(Na) 

Sulfur 

(S) 

Phosphor 

(P) 

EDX 22.77 22.06 21.50 33.67 0 

XPS 34.81 39.81 16.32 7.73 1.33 

 



67 
 

 

 

Figure 1: Surface characterization of the S-doped C-dots. a) Representative Atomic Force 

Microscopy (AFM) analyses that allow for individual or conglomerates of nanodots 

visualization. AFM insert in the scale of 1 μm×1 μm allows for particle size analyses. b) The 

diameter distribution of the S-doped C-dots as resulted from AFM evaluations. c) Fourier 

Transform Infrared Spectroscopy (FTIR) of the S-doped C-dots allows for identification of 

surface functional groups, while Energy Dispersive X-Ray (EDX) analysis (d) reveals the 

elemental composition of the S-doped C-dots. e) The X-ray Photoelectron Spectroscopy 

(XPS) survey graph of the S-doped C-dots. f) High-resolution S2p XPS spectra of the S-doped 

C-dots. g) High-resolution C1s XPS spectra of the S-doped C-dots.  
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Secondly, we evaluated the electrochemical properties of the user-synthesized and above 

characterized S-doped C-dots using differential pulse voltammetry (DPV; Figure 2). For this, 

chitosan, a linear polysaccharide was used to suspend the S-doped C-dots to form a 

membrane onto the DPV electrodes; the electrochemical reaction efficiency was based on the 

rate of ion generation upon interaction with methylene blue (MB) (Figure 2a). The organic 

dye MB was chosen based on previous analysis that showed the dye to be an efficient 

electrochemical agent capable to allow for changes in intensity as resulted from the reduction 

and oxidation induced currents to be quantified 
64

. Previous studies have also showed that 

charge-transfer properties are observed when using electron-donating C-dots and 

electron-accepting perylenediimides 
65

; studies demonstrated that C-dots can be integrated in 

nafion nanocomposite to enhance the detection sensitivity of an electrochemical 

immunosensor 
66

. Further, analyses revealed that chitosan is a suitable carrier material for 

electrochemical biosensors 
67

, with Sun et al. 
68

 using chitosan containing embedded 

acetylcholinesterase to probe kinetics at interfaces. Complementarily, Li et al. 
69

 developed a 

chitosan-embedded nonenzymatic glucose sensor that was based on glassy carbon electrode 

(GCE) coated with platinum hollow nanoparticle chains dispersed onto porous gold 

nanoparticles. Lastly, Xu et al. 
70

 entrapped hemoglobin into a graphene and chitosan 

composite film for direct electrochemical behavior on a GCE.  

Compared with the chitosan only, the user-synthesized S-doped C-dots embedded in the 

chitosan membrane provided a conductive microenvironment that facilitated electron transfer 

as shown by the increase of the peak current of this membrane relative to the only 

chitosan-based membrane (Figure 2b). Specifically, peaks centered at about -0.22 V were 

observed for both membranes (with and without the embedded S-doped C-dots respectively; 

Figure 2c). Additionally, a new peak was observed for the S-doped C-dots embedded in the 

chitosan membrane, with this peak being centered at about -0.36 V (about -0.58 V vs. 

standard hydrogen electrode) and attributed to the redox potential of the sulfite (SO3
2-

) 
71

. The 

relative low intensity of this peak when compared with the one centered at -0.22 V was 

presumably due to the low concentration of the SO3
2-

 resulted from the S-doped C-dot 

synthesis as confirmed by the spectroscopy analyses included above. 

The electron transfer rate at the S-doped C-dots embedded in the chitosan membrane was 

estimated using the Laviron‘s equation 
72,73

 (Eq: 1) and compared with the transfer rate at the 

chitosan membrane only. Specifically,  
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                                        (1)  

 

with the cathodic peak potential (Ep,c) being function of the formal potential (E0), α the 

cathodic electron transfer coefficient, the scan rate(v) with the symbols R, T and F 

representing the ideal gas constant, absolute temperature and Faraday constant respectively, 

and n representing the number of electrons involved in the redox reaction.  

 

 

Figure 2: a) Representative schematic of the chitosan-based membrane formation at the gold 

electrode interface. b) The reduction reaction of the methylene blue (MB) onto the electrode 

surface. c) Differential Pulse Voltammetry (DPV) graph of the MB on 1) chitosan/gold 

electrode (red), 2) S-doped C-dots/chitosan/gold electrode (green). 
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Analyses showed that the electron transfer coefficient was increased from 3.309 to 4.618 

for the S-doped C-dots-containing membrane when compared to the chitosane only 

membrane, thus indicating a larger electron transfer at the C-dots-containing membrane 

interface. 

Thirdly, we demonstrated the ability to fabricate hybrid bio-nanowires containing 

S-doped C-dots by using self-assembly and self-recognition of polymeric biomolecules, i.e. 

tubulin into a two-step strategy. Tubulin is a globular protein that assembly to form a 

microtubule cytoskeletal structure in the cell, which serves as filament for cell-based 

transport or for template of cell division 
74

. Previous reports have showed that tubulin could 

be templated onto carbon nanotubes to form hybrid systems with tubular shape 
75

 that could 

alter cell mechanics 
76

 and induce toxicity 
77

.  

In our first step, we formed tubulin-S-doped C-dots conjugates by physical adsorption of 

free tubulin onto the user-characterized S-doped C-dots 
46

. Our theoretical analyses based on 

the amount of protein used for loading (see materials and methods) and the size 

characteristics of the user-synthesized S-doped C-dots showed that the protein was adsorbed 

onto the nanodots to a loading of about maximum 4 tubulins per individual S-doped C-dot. In 

the second step, the templated tubulin was combined with additional free tubulin to form 

hybrid bio-nanowires or S-doped C-dots-based nanowires. This was achieved through simply 

exploiting tubulin known ability to polymerize in the presence of guanosine triphosphate into 

the microtubular structure 
45

.  

Synthesized S-doped C-dots-based microtubule hybrids were evaluated for their 

morphology, integrity and stability using (3-aminopropyl)triethoxysilane (APTES) 

functionalized mica surfaces and AFM analyses in solution, and compared to control 

microtubules polymerized only from free tubulin. Figure 3a depicts the average diameter of 

the hybrid microtubules when compared to microtubules used as controls respectively. 

Analyses showed that microtubules had an average diameter of about 8 nm, while the 

diameter of the S-doped C-dots hybrid microtubules was significantly higher, i.e., 14 nm 

(student‘s T-test p*<0.05). About 30% (i.e., 72 microtubules) were about 10 nm while no 

more than 5% of them had a diameter larger than 13 nm (Figure 3b). Figure 3c shows the 

diameter distribution of the S-doped C-dots hybrid microtubules, ranging from 6 to 31 nm 

with about 23% (out of the 93 S-doped C-dots hybrid microtubules being analyzed) having an 

average diameter of about 16 nm.  
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Figure 3: a) Average diameter of microtubules and the S-doped C-dots hybridized 

microtubules as measured using cross-sectional analyses. b) The diameter distribution of 72 

individual microtubules collected from 20 independent images. c) The diameter distribution 

(as measured using cross-sectional analyses) of S-doped C-dots hybridized microtubules and 

collected from 24 independent AFM images that included 93 individual microtubules. d) 

Different orientations or combination of such orientations of the APTES molecules on the 

mica surface lead to different geometries and size distribution of the microtubules. 

 

The observed uneven diameter distributions are presumably due to the non-uniform 

absorption of the APTES onto the mica surface as well as from the uneven incorporation of 

the S-doped C-dots onto the hybrid microtubule structure during the template-tubulin 

polymerization. The first statement is supported by previous analyses of microtubules in 

solution 
78

 which recorded irregular diameter distributions as result of their irregular 

absorption onto a similarly functionalized mica. Specifically, with APTES possibly assuming 

5 orientations 
79

 (Figure 3d) including one (1), two (2)  or three (3) adsorbed ethoxy groups, 

as well as due to the polymerization with multiple ethoxy groups binding to the 

silanol-terminated silicon (4), or hydrogen bond formation between the NH2 group on the 

APTES molecule and the mica surface (5), APTES would possibly undergo different 

orientations thus leading to anisotropic geometries onto the mica surfaces. Such geometries 

could further lead to different polymer‘s lengths being exposed above the mica resulting in 

diverse microtubule embedment and non-uniform distribution of its diameter. Such 
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distributions could possibly also be responsible for the variations recorded for the hybridized 

bio-nanowires, namely the ones containing the S-doped C-dots-based microtubules. 

To demonstrate the second hypothesis, i.e., that the characteristics of such user-formed 

hybrid bio-nanowires can be manipulated to increase their stability, we first performed 

morphology analyses of both the microtubule (control) and S-doped C-dots hybrid 

microtubule crosslinked with glutaraldehyde by using AFM contact mode in solution 

(Figures 4). Glutaraldehyde was chosen to stabilize the microtubule and hybrid structures 
80

 

since previous studies showed that the compound can be used for both inter and inner 

molecular condensation of biological molecules 
81

, with Walt et al. 
82

 showing that 

glutaraldehyde forms a Schiff‘s base with the lysine residues in a protein, both under acidic 

or neutral conditions, and Tashima et al. 
83

 respectively showing that an addition reaction 

occurs in alkaline condition. Further, glutaraldehyde was previously shown to be used as a 

suitable agent for microtubule crosslinking known to stabilize its gross structure against air 

drying or a distilled water challenge
84

 with the cross-linked microtubules showing minimal 

changes from native properties.  

Our analyses showed linear-like geometries with non-uniform transversal height 

distribution for both the microtubule (Figure 4a) and its hybrid bio-nanowire counterpart 

(Figure 4b) respectively. The morphology of the microtubule was smooth and linear when 

compared to the entangled and bead-like morphology observed for the hybrid microtubule 

(Supplementary Information Figure S2). Debris associated with either free tubulin, S-doped 

C-dots or tubulin-S-doped C-dots conjugates was also observed.  

Control experiments performed on microtubules only (i.e., not stabilized with 

glutaradehyde) showed sample denaturation (Figure 4c) while no denaturation was observed 

for the counterpart hybrids bio-nanowire (Figure 4d). Specifically, the hybrids did not only 

kept their morphology under AFM scanning conditions, but further, analyses allowed for their 

optical examination for up to 9 days which was in contrast with the 5 days recorded for their 

counterparts. This is presumably due to the amino groups in the tubulin protein reacting with 

the aldehyde groups in the glutaraldehyde to form chemical bonds 
85

 that limited microtubule 

denaturation and led to its increased stability. Further, the increased stability of the hybrids 

can also be due to the unsaturated bonds (C=O and C=C groups) in the S-doped C-dots 

reacting with the aldehyde groups in glutaraldehyde to limit hybrid denaturation.  

Figure 4e and 4f show the cross-sectional height distributions (red lines e and f in 

Figure 4a and 4b respectively) along the glutaraldehyde stabilized microtubule or S-doped 
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C-dots hybrid microtubule, respectively. The average height based on cross-sectional analysis 

of the normal microtubule was about 7 nm while the height of the S-doped C-dots hybridized 

microtubule was about 15 nm with the height distribution of the microtubule seeming more 

uniform than that of the S-doped C-dots hybrid microtubule.  

We also evaluated the electrochemical properties of the S-doped C-dots hybrid 

microtubule or hybrid bio-nanowires. For this, we first incubated chitosan with the formed 

hybrids and subsequently used DPV and impedance analyses to assess their conductivity. The 

consideration for incubating chitosan with the microtubules or hybrids directly is based on 

previous analyses that showed that interaction of chitosan with proteins forms complexes, 

mainly through hydrophobic and electrostatic contacts (i.e., function of the protein structural 

elements
86

) however with such interaction inducing protein destabilization. If destabilization 

would be induced on the tubulin, then no self-assembly or microtubules
84

 formation would be 

observed; to support this, control experiments in which chitosan was added to only free 

tubulin were performed (Supplementary Information, Figure S3). The electrodes 

functionalization with chitosan solution was performed in a manner similar to the one 

described in Figure 2a.  
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Figure 4: a) Representative morphology AFM analyses of microtubules after crosslinking 

with glutaraldehyde. b) Representative morphology AFM analyses of S-doped C-dots 

hybridized microtubules after crosslinking with glutaradehyde. Reduced stability was 

observed for the microtubules not crosslinking with glutaraldehyde (c) while the 

morphologies of the hybrid microtubules was not affected by the lack of the crosslinking 

agent (d). e) Height distribution of the microtubule (along the red line 1 in Figure 4a; 

cross-sectional analyses) or S-doped C-dots hybridized microtubules (along the red line 2 in 

Figure 4b; cross-sectional analyses) with the blue square representing the start point (0.0 μm). 

The line followed the sample morphology. 
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Figure 5a shows the electrochemical impedance spectrum of a representative bare gold 

as well as of the functionalized electrode (where functionalization is refereed to the sample of 

choice), with the impedance recorded in potassium ferrocyanide. Previous investigations 

showed that potassium ferrocyanide is a suitable agent to help monitor surface 

functionalization of an electrode with Kafka et al. using the agent to distinguish 

non-complementary DNA in the electrochemical impedance spectrum 
87

 and Moulton et al. to 

study electron transfer on the gold electrode before and after adsorption of serum albumin 
88

.  

Generally, the chitosan-based membranes had smaller impedances when they contained 

embedded S-doped C-dots or hybrids containing the S-doped C-dots thus confirming 

increased conductivities of such hybrids. Specifically, analyses showed that Nyquist plot 
89

, 

representing the real and imaginary impedances plotted against each other for different 

perturbation frequencies and known to allow for the charge transfer at the electrode interface 

to be evaluated, was almost a straight line for the bare electrode (Figure 5a; black curve, i.e., 

1). This was attributed to the diffusion limited step of the electrochemical process at this 

electrode‘s 
90

 and thus indicated a very small value of its measured impedance. However, 

after chitosan or chitosan-containing embedded components immobilization, the Nyquist plot 

changed and the electrode impedance increased in a manner dependent with its 

functionalization. Specifically, the plot showed a larger semicircle corresponding to the larger 

electron transfer resistance for the S-doped C-dots-chitosan-gold electrode and S-doped 

C-dots-microtubule-chitosan-gold electrode. Complementarily, the impedance values of the 

S-doped C-dots-chitosan-gold electrode, microtubule-chitosan-gold electrode and S-doped 

C-dots-microtubule-chitosan-gold electrode, were about 180 Ω (blue; i.e., 3), 300 Ω (green; 

i.e., 5) and 240 Ω (pink; i.e., 4) respectively. The lower values of the obtained charge transfer 

resistances indicated a faster reaction rate at the interfaces with the C-dots nanodots or 

C-dots-based hybrids respectively, thus confirming the role of the C-dots in enhancing 

electron transfer at the membrane interfaces with the results being attributed to the fluent 

electron transfer between the potassium ferrocyanide and such membranes during the 

electrochemical reaction. Analyses also showed that, when compared with the chitosan-gold 

electrode, the membrane containing embedded S-doped C-dots in the chitosan membrane 

immobilized at the gold electrode had an additional peak with its impedance decreasing from 

180 Ω to 150 Ω with the peak being a result of the additional species present during the 

S-doped synthesis and confirmed by the spectroscopy analyses.  

The electrochemical behavior of the MB on the modified electrodes was also 
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investigated as described previously. Analyses (Figure 5b) confirmed that the peak current of 

the MB on the S-doped C-dots hybrid microtubule coated electrode (pink; i.e., 4) was larger 

than that on the control microtubule-coated electrode (green; i.e., 5) thus indicating that the 

electrochemical process came from the embedment of the C-dots. The largest peak current 

(about 105 μA) appeared to be on the bare gold electrode (black; i.e., 1), while the smallest 

peak current (about 65 μA) was recorded for the microtubule-chitosan-gold electrode (green; 

i.e., 5). Further, control experiments demonstrated that for hybrids and microtubules can be 

compared since there is no no-specific dissociation of the quantum dots from the former 

(Supplementary Information Figure S4). 

Our analyses showed that all the curves contained peaks at about -0.22 V (vs Ag/AgCl) 

which confirmed the reduction of the MB cation (MB
+
) 

91
, with an observed decrease from 

the gold, to S-doped C-dots-chitosan-gold electrode, chitosan-gold electrode, S-doped 

C-dots-microtubule-chitosan-gold electrode, to microtubule-chitosan-gold electrode 

respectively. In addition, there were two additional peaks at about -0.38 V on curve 3 

associated with the S-doped C-dot-chitosan-gold electrode and 4 associated to the S-doped 

C-dot-MTs-chitosan-gold electrode respectively, with such peaks presumably originating 

from the additional chemicals contained in the S-doped C-dots as demonstrated by the EDX 

analyses. In particular, previous results have showed that the standard redox potential of 

SO3
2-

 is 0.571 V for instance, while according to the Nernst equation 
92

 the redox potential of 

SO3
2-

 versus Ag/AgCl is 0.38 V thus being attributed to the reduction reaction of the SO3
2-

 

and/or the reducing of SO3
2-

 to thiosulfuric (S2O3
2-

; Eq. 2). 

 

2SO3
2-

+3H2O+4e
-
---S2O3

2-
+6OH

-
   (-0.571 V)                                  (2).  

 

It is reasonable that the S-doped C-dots could act as a conducting bridge between the 

microtubule and the electrode to increase the conductivity of the hybrid structure, thus 

enhancing the electrochemical intensity effectively and further demonstrating the conductive 

features of the nanowire being created. 
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Figure 5: a) Electrochemical impedance spectrum (EIS) graph of the electrode. 1. Bare gold 

electrode. 2. S-doped C-dots/Chitosan/Gold electrode. 3. Chitosan/Gold electrode. 4. S-doped 

C-dots-microtubule (MTs)/Chitosan/Gold electrode. 5. Microtubule (MTs)/Chitosan/Gold 

electrode. b) Differential pulse voltammetry (DPV) graph of the methylene blue on different 

electrode. The color-coding is similar to what described in a). c) Scheme of microtubule 

polymerization from free tubulin under the chemical energy of guanosine triphosphate. d) 

Scheme of the polymerization process of the S-doped C-dots hybrid microtubule; the 

schematic is not to scale. 

 

Nanowire structures are expected to offer user-controllable surfaces for novel functional 

hybrids with unique chemical and physical properties. For instance, studies by Xie et al. 

showed that silicon nanowire/carbon hetero junctions can be fabricated for the next 
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generation of photovoltaic devices to show increased power conversion efficiency as resulted 

from the increased optical absorption at the C-dots interfaces 
93

. Complementarily, Zhang et 

al. synthesized C-dots loaded TiO2 nanorods, with the C-dots serving as green sensitizers and 

showed that they are capable to enhance the hybrid material photo-responsiveness in visible 

light 
94

.  

Herein, the self-organization and self-assembly of tubulin onto thd user-synthesized 

S-doped C-dots was shown to lead to stable nanowire geometries of increased conductivities 

and proves to be a feasible alternative to the methods described in this paper‘s introduction. 

Specifically, our hybrid microtubule nanowire of only about 14 nm in diameter and formed in 

mild conditions could allow for limited inhibition of the quantum confinement effect to thus 

lead to a functional structure. Further, such S-doped C-dots hybridized microtubule or 

bio-nanowire could prove to be an easy and ―green‖ step in which new function can be 

implemented to a non-biological molecule to be recognized and transported to user-defined 

location by kinesin hangars. In particular, previous studies have showed that 

microtubule-based transport system, normally used in the cell for long distance transport of 

cargos, could be mimicked in synthetic environment to allow for transport of nanoparticles or 

nanotubes 
43

. If such a transport can be implemented and observed for the S-doped C-dots 

hybrid microtubule, then one could envision not only the demonstrated assembly of 

functional nanowires with increased conductivities but further, their regular positioning under 

the energy control of adenosine triphosphate used to ensure kinesin biological function. Such 

approach has the potential to fully achieve the promising applications of such nanodots or 

resulting nanowires through both their control over the size as well as their orientation onto 

user-controlled surfaces and geometries 
43

.  
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Conclusions 

In this study, we successfully synthesized a conductive and hybrid bio-nanowire by using 

the self-assembly properties of free tubulin (a biological molecule) and tubulin templated 

onto user-synthesized S-doped C-dots in solution. Our analyses showed that such nanowire is 

more conductive than control microtubule assembled only from free tubulin. Further, the 

nanowire had an average diameter of 14 nm that was superior to any of templated nanowires 

currently produced. Such synthesized bio-nanowire may increase the signal processing ability 

for the next generation of integrated circuits while ensuring regular positioning through 

biological self-recognition capabilities.  
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Supporting Information 

1. Characterization of S-doped C-dots 

The morphology of as-prepared S-doped C-dots was investigated using high-resolution 

transmission electron microscopy (HRTEM; Model JEM-2100). First, the samples (1 mL of 

purified S-doped C-dots solution was diluted into 10 mL of water), dropped onto copper wire 

meshes, and dried for 20 min at 55
o
C. An accelerated voltage of 200 KV was used for analyses. 

Sample‘s sizes are revealed in Figure S1.  

 

 

 

Figure S1: HRTEM images of S-doped C-dots. Scale bars: a) 50 nm, b) 10 nm. 

 

2. High resolution AFM image of the S-doped C-dots 

In order to provide details of the hybrids structure, high-resolution AFM images were 

obtained. The experimental details were exactly the same as described in the manuscript. 

Briefly, contact mode Atomic Force Microscopy (AFM, Asylum Research, USA) with a 

silicon nitride tip (TR-400PB, Asylum Research, USA) in solution was used. The trigger 

force was kept constant at 3 nN while the spring constant of the cantilever was measured 

before each experiment using established method. 
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Figure S2: High resolution AFM image of the S-doped C-dots hybridized microtubule 

showing S-doped C-dots incorporated into the polymerized hybrid as a bead-like geometry.  

 

3. Evaluate the effect of chitosan on tubulin self-assembly 

The polymerization solution was obtained by vortexing 5 μL 100 mM magnesium 

chloride (MgCl2, Fisher Scientific, USA), with 6 μL dimethyl sulfoxide (DMSO, 99.7%, 

Fisher Scientific, USA), 5 μL 25 mM guanosine-5'-triphosphate (GTP, Sigma, USA) and 9 μL 

BRB80 buffer (formed from a mixture of 80 mM piperazine-N,N‘-bis(2-ethanesulfonic acid 

buffer, 1 mM MgCl2 and 1 mM ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents 

were purchased from Fisher Scientific, USA).  

Microtubule-chitosan were intended to be obtained upon mixing10 μL of 4 mg/mL 

rhodamine-biotin-tubulin with 10 μL 50% (wt) chitosan and initiating their polymerization. 

Specifically, 5 μL polymerization solution (see above) was injected into 20 μL of the 

rhodamine-biotin-tubulin-chitosan mixture and incubated at 37
o
C for 30 min. To stabilize any 

of the resulting structures, the solution was dispersed in 1 mL BRB80 buffer containing 10 

μM taxol (Fisher Scientific, USA). The solution was kept at room temperature for 

experimental usage.  

For the electrochemical impedance spectroscopy (EIS) analyses, 20 μL of the obtained 

―microtubule-chitosan‖ solution was dropped onto a cleaned electrode and incubated 

overnight under vacuum (same procedure as listed in the materials and methods). The EIS 

analyses have been performed in 50 mM potassium ferricyanide (K3Fe(CN)6; Fisher 

Scientific, USA) in  R 80 buffer containing 10 μM taxol. The supporting electrolyte used in 
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our experiments is 10 mM NaCl.  

Analyses reveal no major differences between the two curves (Figure S3).  

 

200 300 400 500
0

60

120

180

240

300

 

 

 Assemble without chitosan

 Assemble with chitosan

Z
"
 (


)

Z' ()
 

 

Figure S3: EIS graph of the modified electrode. Black curve: microtubule-chitosan/Au (the 

tubulin assembled in the presence of chitosan). Red curve: microtubule/chitosan/Au. 

 

4. Evaluate the change in impedance on the chitosan membrane 

For the bio-hybrid synthesis, also called hybrid microtubule, first biotin-tubulin-S-doped 

C-dots-conjugates were formed using non-specific binding of biotin-tubulin onto S-doped 

C-dots scaffolds as described in the paper.  riefly, 1 μL 6 mg/mL synthesized S-doped C-dots 

were injected into a 600 μL eppendorf tube containing 5 μL of 4 mg/mL biotin-tubulin and 

the mixture was incubated for 2 h at 200 rpm in an ice bath. Subsequently, 5 μL of 4 mg/mL 

free biotin-tubulin was mixed with the biotin functionalized tubulin- S-doped C-dots 

conjugates and an additional 2.5 μL microtubule polymerization solution, and subjected to 37 

o
C for 30 min. When time elapsed, the hybrids were stabilized in BRB80 buffer containing 10 

μM taxol. 

Synthesized S-doped C-dots hybridized microtubules were spun down using high-speed 

centrifuge (30000 rpm for 10 min at room temperature). The supernatant was removed 

carefully and the pellet was re-suspended in 1 mL  R 80 buffer containing 10 μM taxol.  

The synthesized microtubule and hybrids (before and after the centrifugation) were 
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immobilized onto the electrode using the methods described in the manuscript. EIS analyses 

are presented in Figure S4; minor changes (not statistically relevant) have been observed 

most likely associated with changes in the microtubule/hybrid length known to occur because 

of the mechanical stress imposed by centrifugation.  

 

 

Figure S4: EIS graph of the modified electrode. Black curve: Microtubule/Chitosan/Au. Red 

curve: S-doped C-dots hybridized microtubule/Chitosan/Au. Blue curve, Centrifuged 

S-doped C-dots hybridized microtubule/Chitosan/Au 
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Chapter 4: Biological self-assembly and recognition used to synthesize and surface 

guide next generation of hybrid materials 

 

Abstract 

 Free-standing, high aspect ratio sulfur-doped carbon nanodots-based hybrid nanowires 

with a microtubular aspect were synthesized using self-recognition and self-assembly 

processes of tubulin, a biological molecule precursor of the cytoskeletal cellular and 

structural microtubule filaments. Physico-chemical characterizations (e.g., morphology, 

diameter, spectral characteristics etc.) of tsuch user-synthesized hybrid bio-nanowires were 

performed using classical atomic and spectroscopic techniques, while bioactivity and 

functionality testing was demonstrated by mimicking cellular transport based on kinesin, a 

motor protein capable to recognize, bind onto and move on the microtubules. Our results 

indicate that user-synthesized hybrid nanowires could be manipulated in vitro under constant 

chemical energy of adenosine triphosphate (ATP) and have the potential to be implemented in 

the next generation of synthetic applications from drug delivery to diagnosis systems, and 

photocatalytic to optical devices. 
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Introduction 

The ultrahigh surface-to-volume ratios of synthetic nanowires-like geometries developed 

through hard template
1
, electrochemical

2
, vapor deposition

3
 or vapor-liquid-solid (VLS)

4
 

methods have found applications in a variety of fields from one dimension electronics
5
 to 

sensor-based devices
6
. Compared with their bulk counterparts, such wire-like geometries 

show surface relaxation
7
 and improved kinetics effects

8
 while allowing the combination of 

non-lattice-matched materials
9
 with high aspect ratios and dipolar magnetic properties to 

influence their ability to transfer energy at interfaces
10

. Single ZnO nanowires obtained 

through chemical vapor deposition were, for instance, used in a gas sensor system to detect 

hydrogen at low concentration
11

, while a Co2Si-Al2O3 core-shell nanowire obtained through 

the same method was used as a gate in a high-speed graphene transistor to ensure that the 

edges of the source, the drain and the gate electrodes gave minimum access resistance in a 

device
12

. Similarly, C-based nanowires have been proposed for electronic
13

 and for energy 

generation templates
14

, for photovoltaic devices assembly
15

 or to be used in photocatalysis
16

, 

storage
17

, lighting systems
18

, bioimaging
19

, and nanosensors
20

 formation. Their tunable 

luminescence emission
21

, high stability against photobleaching and blinking
22

, also allowed 

the C-based templates to be used as environmentally friendly fluorescence probes for rapid 

detection of Hg
2+

 and bio-thiols, all with high sensitivity and selectivity
23

. Cao L et al.,
24

 for 

instance, used C-dots as photocatalysts for CO2 conversion to drive efficient photocatalysis. 

The implementation of such nanowires is however hindered by the complex and 

laborious manufacturing processes, as well as the limited ability they have to be placed after 

synthesis onto precise nanosize locations, all under user-control. Isolated studies showed that 

while hard templates
1
 could be used for various geometries formation at relatively high 

temperatures, the hard treatment required to remove such geometries for placement could 

possibly lead to defects in the formed nanowire‘ structures
25

. Complementary, while 

electrospinning can be used to synthesize long nanowires (up to millimeters long
26

), the 

synthesized templates are hard to separate from the soluble polymer used as support
27

. 

Moreover, while methods such as atomic force microscopy
28

 or optical trapping
29

 could be 

employed for individual physical manipulation and user-placement of individual nanowires, 

such methods could only allow displaying one template at a time and onto a localized 

nanosize position respectively. Before the next generation of template nanowires could be 

largely implemented, controlled nanomanufacturing technologies of both the surface 

characteristics and size, as well as user-directed nanoscale placement strategies need be 
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proposed.  

Herein we hypothesize that biological self-assembly and self-recognition could be used 

to direct synthesis and user-placement of the next generation of C-based nanowires of 

controlled geometries that could possibly ensure effective charge transfer at their interfaces
30

. 

To demonstrate this hypothesis, we exploited the ability of cellular protein tubulin to serve as 

supporting polymerization unit of linear microtubule-like structure when immobilized onto 

C-based quantum dots templates and in a synthetic environment. Microtubules are 

intercellular cytoskeletal filaments involved in cellular activities from division to ciliary 

functions
31

, known to provide structure and spatial organization of the cell
32

, as well as serve 

as tracks for molecular motors used in trafficking of vesicles
33

, DNA
34

 or sensorial 

molecules
35

. C-based quantum dots were chosen as templates based on their known regular 

geometries and known conductivity, as well as ease of synthesis
30,36

.  

Our results demonstrate that microtubule-like linear structures of hybrids containing 

C-based nanomaterials could be achieved in a controllable fashion; further our results show 

that large surface-to-volume aspect ratios are formed by implementing biological functions to 

non-biological materials. By exploiting the self-recognition ability of kinesin proteins, known 

to transport cargo onto microtubules tracks in the cells to test hybrids guiding under 

user-control and under the chemical energy of adenosine triphosphate (ATP), we also provide 

a viable strategy to create the next generation of smart materials that could be placed onto 

nanosize locations, all under user-controlled approaches, to be further possibly exploited for 

sensing
37

, imaging
38

 and macromolecular display
39

 applications. 
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Materials and Methods 

Expression of fluorescently labeled kinesin molecular motor (dmKHC-EGFP) 

Package plasmid F-drosophila melanogaster kinesin heavy chain-enhanced green 

fluorescent protein (pPF_dmKHC-EGFP) encoding for the dmKHC-EGFP (molecular weight 

91.7 kDa) and consisting of the drosophila melanogaster kinesin delta tail linked to the 

C-terminal end to the EGFP his-tagged on the C-terminus was obtained at West Virginia 

University (WVU). The coding sequence for dmKHC was copied by Polymerase Chain 

Reaction (PCR) from the pPK124 plasmid, a kind gift of Prof. Jonathan Howard, Yale 

University. Briefly, a set of primers of known sequences 

(CAAAGGAGATATACATATGAGCGCAGAACGAGAAATTCC and 

CTCGCCCTTGCTCAC.GCTCCCACGCGGAACAAG respectively) were used; pPF_EGFP 

plasmid was a pTriEx-4 plasmid (Novagen, part of EMD Millipore, USA) carrying the 

coding sequence for a C-terminal his-tagged EGFP protein. The pPF_EGFP plasmid was first 

linearized by treatment with the NcoI endonuclease (New England Biolabs, USA). Both the 

linearized pPF_EGFP plasmid and the pPK124 PCR amplicon were then gel purified and 

assembled using the Gibson assembly kit (New England Biolabs, USA) and following 

manufacturer protocols
40

. The assembled DNA sequences were subsequently introduced into 

E. Coli strain Stbl4 (Invitrogen, Fisher Scientific, USA); clones were screened by 

endonuclease treatment and small-scale protein expression followed by standard lab 

purification to obtain the protein.  

The pPF_dmKHC-EGFP plasmid was transformed into the E. Coli strain BL21(DE3) 

pLysS (Stratagene, Agilent Technologies, USA). Protein expression was induced with 

Isopropyl β-D-1-thiogalactopyranoside (1.0 mM, IPTG, Fisher Scientific, USA) at 16 
o
C for 

18 h. The cell pellet was subsequently re-suspended into ice-cold lysis buffer containing 

tris(hydroxymethyl)aminomethane hydrochloride (50 mM, pH 8.0, Tris/HCl, Fisher Scientific, 

USA), sodium chloride (50 mM, NaCl, Fisher Scientific, USA), magnesium chloride (2 mM, 

MgCl2, Fisher Scientific, USA), adenosine 5‘-triphosphate (0.1 mM, ATP, Sigma, USA), 

Triton X-100 (2%, Fisher Scientific, USA), β-mercaptoethanol (10 mM, Fisher Scientific, 

USA), lysozyme (0.4 mg/ml), ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor 

cocktail (Biotool.com, TX, USA), phenylmethylsulfonyl fluoride (1 mM, PMSF, Sigma, 

USA), trehalose (8 %, Fisher Scientific, USA), and Pierce Universal Nuclease (10 U/ml, 

Fisher Scientific, USA), at lysis buffer (10 mL) per 1 g of cell pellet. Cellular debris was 

removed by centrifugation (performed at 20000 g, 4 
o
C, 10 min, while the clear lysate was 
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supplemented with NaCl (4 M) to bring the final NaCl concentration to 0.5 M.   

Expressed protein was purified in series using two Bio-scale mini IMAC cartridges 

(Bio-Rad Laboratories Inc., USA) installed in a BioLogic DuoFlow chromatography system 

(Bio-Rad Laboratories Inc., USA) by running two buffers, i.e., the wash buffer (sodium 

phosphate (50 mM, Na2PO4), NaCl (0.3 M), MgCl2 (1 mM), ATP (10 μM), 

β-mercaptoethanol (5 mM), glycerol (10%, Fisher Scientific, USA), pH 8.0) and the elution 

buffer (wash buffer with imidazole (0.5 M, Fisher Scientific, USA) respectively. The protein 

was then eluted by imidazole gradient and concentrated to 1 mL.  

A second chromatographic step was applied for further protein purification using a 

Superdex 200 10/300 GL gel-filtration column (GE Healthcare Life Sciences, USA) 

equilibrated with storage buffer (imidazole (100 mM), NaCl (300 mM), MgCl2 (1 mM), ATP 

(10 μM), 1,4-dithiothreitol (1.0 mM, DTT, Fisher Scientific, USA), and 10% sucrose (Fisher 

Scientific, USA, pH 7.0). Lastly, the protein concentration was estimated using the 

Coomassie protein assay and bovine gamma globulin standard (reagents from Fisher 

Scientific, USA), while the purification process was monitored by classic SDS-PAGE 

(Novagen, USA). 

 

Synthesis of the sulfur-doped carbon nanodots  

Sulfur-doped carbon nanodots (S-doped C-dots) were synthesized using an established 

hydrothermal method
36

. Briefly, sodium citrate (0.1 M, 25 mL) and sodium thiosulfate 

solutions (Tianjin Guangfu Technology Development Co., Ltd., China) were added into a 

Teflon-lined stainless steel autoclave (50 mL, Fuzhou Keleisi Test Equipment Co., Ltd., 

China) and the autoclave was incubated at 200 
o
C for 6 h. The resulting products were filtered 

through a 0.22 μm membrane (Spectrum Laboratories, Inc. USA). The products were washed 

with ethanol (5 mL, 90%, Fisher Scientific, USA) and deionized (DI) water. Washed products 

were filtered through a 0.22 μm filtration membrane and dried at room temperature over 

night. 

 

Synthesis of tubulin-S-doped C-dots conjugates 

 Tubulin-S-doped C-dots-conjugates were formed using non-specific binding of biotin 

rhodamine labeled tubulin (Cytoskeleton Inc, USA) onto S-doped C-dots scaffolds
41

. Briefly, 

synthesized S-doped C-dots (1 μL of 6 mg/mL) were injected into an eppendorf tube 

containing biotin rhodamine labeled tubulin (5 μL of 4 mg/mL) and the mixture was 
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subsequently incubated for 2 h at 200 rpm in an ice bath.  

 

Spectroscopic evaluations  

 The absorbance of the S-doped C-dots and tubulin-S-doped C-dots-conjugates was 

monitored on a UV-Vis spectrophotometer (Thermo Scientific EVO300) at 305 nm. For this, 

both S-doped C-dots and tubulin-S-doped C-dots-conjugates respectively were dispersed in 

buffered phosphate saline (100 mM, PBS, pH 7.4, formed from a mixture of monopotassium 

phosphate, KH2PO4, and dipotassium hydrogen phosphate, K2HPO4, purchased from Fisher 

Scientific, USA). The concentrations of the S-doped C-dots and tubulin in the 

tubulin-S-doped C-dots-conjugates were 10 mg/mL and 1.5 mg/mL respectively. The 

secondary structure of the protein before and after binding to the S-doped C-dots 

(concentration of 500 μg/mL) was evaluated using circular dichroism (CD) performed on a 

Jasco 810 Circular Dichroism Spectroploarimeter (Jasco Inc). The scanning range was in 

between 190 to 260 nm with a scanning speed of 50 nm/min; the bandwidth was 1 nm.  

 

Synthesis of microtubule and S-doped C-dots hybrid microtubule 

Microtubules were synthesized according to established protocols
30

. Briefly, MgCl2 (5 

μL, 100 mM), with dimethyl sulfoxide (6 μL, DMSO, 99.7%, Fisher Scientific, USA), 

guanosine-5'-triphosphate (5 μL, 25 mM, GTP, Sigma, USA) and  R 80 buffer (9 μL, pH 

7.3, formed from a mixture of piperazine-N,N‘-bis(2-ethanesulfonic acid buffer (80 mM), 

MgCl2 (1 mM) and ethylene glycol tetraacetic acid (1 mM, EGTA); all reagents were 

purchased from Fisher Scientific, USA respectively) were vortexed to generate a microtubule 

polymerization solution. To initiate microtubule polymerization, the polymerization solution 

(2.5 μL) and biotin rhodamine tubulin (10 μL, 4 mg/mL) were mixed and subsequently 

incubated at 37 
o
C for 30 min. To stabilize the resulting microtubules, the solution was 

dispersed in  R 80 buffer (1 mL) containing paclitaxel (10 μM, Fisher Scientific, USA). The 

stabilized microtubules were stored at room temperature for usage.  

For S-doped C-dots hybrid microtubule (hybrids for short) synthesis, tubulin-S-doped 

C-dots conjugates were first formed as described above. Secondly, hybrids were assembled 

by mixing the tubulin-S-doped C-dots conjugates with free biotin rhodamine labeled tubulin 

in solution (5 μL of 4 mg/mL) and an additional microtubule polymerization solution (2.5 μL), 

and subjecting the final mixture to 37 
o
C for 30 min. Free tubulin, free S-doped C-dots or free 

S-doped C-dots conjugates were removed by centrifugation after the hybrids were formed 
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with centrifugation being performed at 30000 rpm on an Allegra 64R centrifuge (Beckman 

Coulter, USA) operating for 10 min. 

When the time elapsed, the solution was dispersed into BRB80 buffer (1 mL) containing 

paclitaxel (10 μM) to stabilize any of the formed structures; the stabilized structures were 

subsequently stored at room temperature for further experimental use. 

 

Kinesin accumulation 

Microtubules or hybrids solution were mixed with lab-synthesized kinesin in order to 

evaluate the ability of kinesin to recognize structures‘ specific sites.  riefly, kinesin (8 μL, 10 

μg/mL) was mixed with adenylyl-imidodiphosphate (2 μL, 20 mM, AMP-PNP, Sigma, USA) 

and incubated for 1 h at 4 
o
C. Subsequently, the mixture was mixed with microtubules or 

hybrids solutions (20 μL) and  R 80 buffer (10 μL) containing paclitaxel (10 μM) for a final 

volume of 40 μL, and then incubated at room temperature for another 30 min. Any unbound 

kinesin was removed upon spinning down the microtubules or hybrids at 30,000 rpm for 10 

min. The supernatant containing such suspended kinesin was evaluated using a fluorescence 

microscope (Nikon, USA) and a 100x objective of NA=1.4. The washing procedure was 

repeated until no free kinesin was observed. The pellet was subsequently dissolved in BRB80 

(40 μL) containing paclitaxel (10 μM) and used immediately after preparation.  

 

Mica surface functionalization 

Mica sheets were first washed with DI water, ethanol, and again with DI water, and 

subsequently dried under vacuum overnight and at room temperature. The cleaned mica was 

subsequently functionalized with 3-aminopropyltriethoxysilane (APTES, Fisher Scientific, 

USA; 20 μL, 99%) by incubation at room temperature for 15 min. After incubation, mica was 

rinsed thoroughly with toluene (99.8%, Fisher Scientific, USA) to remove excess APTES and 

then with DI water; any remaining solution was removed under vacuum.  

 

Atomic Force Microscopy (AFM) evaluation 

Biological-based samples (microtubules, hybrids, kinesin-microtubule conjugates and 

kinesin-hybrid conjugates) were analyzed for their physical characteristics using Atomic 

Force Microscopy (AFM) and established protocols
30

. Briefly, individual sample (19.5 μL) 

was mixed with  glutaraldehyde (0.5 μL, 20%, Fisher Scientific, USA) and shaken gently. 

Subsequently, the mixture was dropped onto APTES functionalized mica surfaces and 
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incubated for 1 h at room temperature. After the incubation, the surface was washed with 

 R 80 buffer (40 μL) containing paclitaxel (10 μM) for at least 3 times. AFM images were 

collected immediately using contact mode in solution. For these measurements the 

cantilever‘s spring constant was calibrated using the thermal noise method
42

; the scan rate of 

the tip was fixed at 0.5 Hz for all the experiments.  

 The diameter distribution of 83 individual microtubules, 70 individual 

kinesin-microtubule conjugates measured on the kinesin and 82 individual 

kinesin-microtubule conjugates measured randomly were collected from 25 and 23 

independent images respectively. The diameter distribution of 68 individual hybrids, 66 

individual kinesin-hybrid conjugates measured on the kinesin and 80 individual 

kinesin-hybrid conjugates measured randomly were collected from 20 and 22 independent 

images respectively. 

 

Preparation of the microscopy flow cell 

Flow cells were prepared using a glass slide, a cover glass (Corning, USA) and 

double-sided tape. Prior to the formation of the flow cell, the glasses were sonicated in 

ethanol and DI water for 30 min each. Subsequently, the glasses were treated with Piranha 

solution (containing sulfuric acid (96.4%, H2SO4),) and hydrogen peroxide (30%, H2O2), both 

reagents from Fisher Scientific, USA) in a 3:1 (v:v) for 1 h at 60 
o
C, rinsed thoroughly with 

DI water and blown dry. Such cleaned surfaces were used directly in the gliding assay.  

For the stepping assay, the cleaned glasses underwent further treatment to obtain a 

hydrophobic surface. Briefly, the cleaned glass was immersed into trichloroethylene (TCE, 

Fisher Scientific, USA) solution which containing 4,4'-Diaminodiphenylsulfone (0.05%, 

DDS, Fisher Scientific, USA,) for 1 h and then sonicated in methanol (99.8%, Fisher 

Scientific, USA) for 5 min, 15 min and 30 min respectively to remove any unbound TCE. 

Lastly, the glasses were blown dry and used to assemble flow cells as described above. 

 

Kinesin-microtubule motility assays 

Motility assay was performed following established protocols
43

; specifically for the 

gliding assay, casein (20 μL, 0.5 mg/mL, Fisher Scientific, USA) in  R 80 was added into 

the flow cell (assembled as previously indicated) and incubated for 5 min at room 

temperature. After that, kinesin solution (20 μL, 10 μg/mL) with casein (0.5 mg/mL) and 

MgATP (1 mM) in BRB80 buffer was also added and incubated for another 5 min at room 
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temperature. Lastly, ‗modified‘ microtubule solution (20 μL,  R 80 buffer which containing 

microtubules or the equivalent concentration of the hybrids (32 nM), MgATP (1mM), 

d-glucose (20 mM, Fisher Scientific, USA), glucose oxidase (0.02 mg/mL, Sigma, USA), 

catalase (0.8 mg/mL, Sigma, USA) and β-mercaptoethanol (0.5%)) was added and incubated 

for 5 min at room temperature. The gliding process was observed using a fluorescent 

microscope with a 100x objective (NA=1.4). The average microtubule gliding speed was 

calculated from 150 individual microtubules and hybrids respectively. 

For the kinesin stepping assay, first  R 80 buffer (20 μL) was added into the flow cell 

then anti-tubulin antibody (20 μL, 100 μg/mL,  R 80 buffer, pH 7.3) was flowed into the 

flow cell and incubated for 5 min, at room temperature. Subsequently, Pluronic F-127 (20 μL, 

1%, PF-127, Sigma, USA, BRB80 buffer, pH 7.3) was added into the flow cell and incubated 

for another 5 min at the room temperature. Upon the incubation, kinesin-microtubules or 

kinesin-hybrids mixture (20 μL, in  R 80 buffer which containing microtubule (16 nM) or 

the equivalent concentration of the hybrids, MgATP (1mM), d-glucose (20 mM), glucose 

oxidase (0.02 mg/mL), catalase (0.8 mg/mL) and β-mercaptoethanol (0.5%) was also added 

and incubated for 5 min at room temperature. The kinesin stepping process onto the 

microtubule or hybrid was observed using fluorescence microscopy as previously described. 

The average kinesin stepping speed was calculated from 38 and 34 individual kinesins on the 

microtubules and hybrids (15 independent experiments) respectively. 

 

Statistical analysis 

All tables are presented as the average value with (+/-) SD values. Significance was 

determined by student T-test with p<0.05* indicating significance.  
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Results and Discussion 

From natural computing or computing with natural materials
44

, to synthetic analog 

composites
45

, and from bio-inspired structures for battlefield armors
46

 to recombinant fibers 

such as silk for healthcare applications
47

, the design and implementation of biological 

functions to non-biological materials created opportunities for the formation of hybrid 

systems with improved structural characteristics and applications
48

. Herein we hypothesize 

that biological materials conjugation to non-biological lab-synthesized structure could lead to 

the design of the next generation of hybrids to be used for synthetic conductive nanowires
30

 

formation and placement. To demonstrate our hypothesis, we first synthesized regular 

templates of nanometer sized S-doped C-nanodots (S-doped C-dots) using a hydrothermal 

method
36

 and sulfur as a precursor
36

. Elemental composition of the lab synthesized S-doped 

C-dots was confirmed using X-ray photoelectron (XPS) and energy-dispersive X-ray (EDX) 

spectroscopies (Figure S1). Complementarily, transmission electron microscopy (TEM; 

Figure S2 a) and scanning electron microscope (SEM; Figure S2 b) confirmed the 

morphology of the S-doped C-dots and showed well-separated and quasi-spherical nanodots. 

S-doped C-dots had a rather narrow size (between 2 to 10 nm) with an average of about 7.2 

nm; further, more than 94 % of the nanodots analyzed showed diameters of less than 12 nm 

thus indicating controlled synthesis.  

Such lab synthesized nanodots were used as nanotemplates for physical binding of free 

tubulin, a precursor of microtubule cytoskeletal filaments (Figure 1a). The resulting 

tubulin-S-doped C-dots conjugates were mixed with additional free tubulin in solution and 

polymerized under the chemical energy of guanosine triphosphate (GTP) to create hybrids. 

Control experiments using solely free tubulin assembly and the GTP energy source were also 

used to form microtubules in vitro.  

Tubulin attachment was confirmed using spectroscopic analysis. Specifically, Figure 1 b 

shows the UV absorbance of the S-doped C-dots used as controls (red curve) and 

tubulin-S-doped C-dot conjugates (black curve) respectively. As shown, both the S-doped 

C-dots and the conjugates showed absorbance at 330 nm confirming the presence of the 

S-doped C-dots starting material (Table S1)
36

. Further, when compared to control S-doped 

C-dots, the conjugates displayed a change in their absorbance signal. Such change could be 

due to (1) tubulin attachment leading to larger structures formation, (2) spectral variations 

due to varying composition, and/or (3) a change in the turbidity of the solution. Indeed, for 

(1) previous analysis have showed that larger structures could potentially hinder the UV 
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absorbance of the sample or change inter-particle distance
49

. In particular, it was showed that 

an increase in particle size could enhance Rayleigh scattering
50

 while reducing the 

adsorption
51

. Indeed, control tubulin did not show such a significant change in spectra at the 

wavelength used for observation (Figure S3). For (2), a varying composition was shown to 

directly influence molecular dispersion
52

 that could have diminished the scattered light 

intensity
52

. Lastly for (3), previous analysis have showed that indeed, without the effect of 

turbidity, the decrease in scattering would be less marked
53

, with a clear specimen yielding 

100% transmittance, while a turbid sample will deflect a considerable portion of the light rays 

and will have a lower percent transmittance.  

 

 

Figure 1: (a) Scheme of tubulin attachment onto user-synthesized S-doped C-nanodots 

(S-doped C-dots). (b) UV absorbance of S-doped C-dots and tubulin-S-doped C-dot 

conjugates respectively. (c) Circular dichroism (CD) graph of tubulin, S-doped C-dots and 

tubulin-S-doped C-dot conjugates respectively. 

 

Templated tubulin biological functionality was tested using structure analysis performed 

by circular dichroism (CD). The results were evaluated against the structure of the unbound 

i.e., free tubulin, in solution; control of the S-doped C-dots were also included. Such analysis 

were performed since previous reports confirmed structural changes for human serum 
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albumin and entropy-driven binding when a protein was immobilized onto polymer 

particles
54

 or changes after insulin was entrapped into chitosan/alginate nanoparticles
55

. 

Previous studies have also showed that once proteins attach to nanosupports such as 

nanotubes
56

, titanium dioxide nanoparticles
57

 or nanoclays
58

, their internal structural 

deformation could lead to loss of functionality
59

.  

Our results showed that both tubulin and tubulin-S-doped C-dots conjugates had similar 

ellipticity (Figure 1 c), where ellipticity is the tangent of the ratio of the minor to major 

elliptical axis
60

 thus indicating very similar secondary structures for the free and immobilized 

tubulin respectively. A negative band appeared at 205 ~225 nm and was mainly associated 

with α-helix structures of the protein
61

, with the band becoming minimally broader after the 

protein was bound to the S-doped C-dots. This change, while not significant, was presumably 

due to the curved nanoparticle surface (i.e., herein the S-doped C-dots, see Figure S2); 

previous studies have shown that particle curvature could indeed affect secondary structures 

of the immobilized proteins and in cases, even lead to irreversible changes of such 

structures
62

. These results are in contrast with previous studies that have showed for instance, 

that the random coils connecting the α-helices in the human serum albumin were strongly 

affected after protein binding to nanotubes
63

, with irreversible changes occurring both in the 

stability of the protein as well as in its secondary structure. Similar results were also recorded 

after desorbing this protein from polystyrene particles
64

. Complementarily, Bellezza et al.,
65

 

suggested that the interaction of myoglobin with phosphate and phosphonate grafted-zirconia 

nanoparticles induced the loss of the secondary structure (α-helices) in the myoglobin. 

Further, our analysis are also contrast with previous research that showed tubulin structure 

alteration upon binding to fullerene derivative or ferric oxide nanoparticles
66

. 

Our analysis using Circular Dichroism Neural Networks (CDNN) method
67

 also 

confirmed the minimal changes in the immobilized protein (Table 1). Specifically, the α-helix 

content was shown to increase (from 37.1% to 43.6%), while β-sheets and random coil 

contents were shown to decrease (from 30.8% to 27.8%, and from 31.3% to 26.8% 

respectively) after tubulin immobilization onto the S-doped C-dots. Such changes, once again, 

while not statistically relevant, could be a reflection of small conformational rearrangements 

which resulted from the tubulin attachment
62

. In particular, such differences could be 

presumably due to the either/or association and dissociation rates that each attached tubulin is 

undergoing at the surface of a given nanodot. Such rates could dictate the longevity of their 

individual interactions to be governed by the particle geometry and size, and its surface 
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curvature
68

. Previous reports have showed that proteins and particles of the same scale could 

still undergo different conformational changes with such changes however not affecting 

protein overall functionality, i.e. when compared to that of the starting molecule, as it was the 

case for the human carbonic anhydrase (29 kDa) when bound to SiO2 NPs (d=6,9,15 nm)
69

.  

 

Table 1: CD characterization of tubulin protein and tubulin-S-doped C-dot conjugates.  

 

Protein Helix 

(%) 

Antipar

allel (%) 

Paralle

l (%) 

Beta-Tur

n (%) 

Random 

Coil (%) 

Total Sum 

(%) 

Tubulin 37.1±0.9 7.0±0.4 8.0±0.4 15.8±0.3 31.3±0.6 99.2±0.5 

Tubulin-S-dop

ed C-dots 

43.6±0.6 6.0±0.2 6.6±0.3 15.1±0.7 26.8±0.8 98.1±0.8 

 

Considering that the immobilized tubulin protein highly retained its secondary structures, 

we further evaluated its activity. Herein tubulin‘s activity is defined as the ability of the 

immobilized protein to polymerize when interfaced with other free tubulin in solution, all in 

the presence of guanosine triphosphate (GTP) chemical energy. Such polymerization was 

previously observed both in vivo and in vitro for free tubulin in solution and was shown to 

lead to the synthesis of the microtubule cytoskeletal filament
43

. The activity was to be tested 

since previous reports have showed impediments of the release of inorganic phosphate in 

GTP hydrolysis
70

 and inhibition of tubulin polymerization
71

 upon protein immobilization.  
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Figure 2: (a) Representative atomic force microscopy-based (AFM) morphology of S-doped 

C-dot hybrid after crosslinking with glutaraldehyde. (b) Representative morphology AFM 

analyses of microtubule after crosslinking with glutaradehyde (control). Schematic 

representation of the AFM height distribution analysis along (c) and across (d) a hybrid. (e) 

Diameter distributions of 83 individual microtubules and 68 hybrids collected from 25 and 20 

independent images respectively. (f) Height distributions of 211 individual microtubules and 

181 hybrids collected from 25 and 20 independent videos respectively. 
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Results showed that when free tubulin was incubated with the conjugates under the GTP 

energy, microtubule-like morphologies were achieved. Such linear morphologies of the 

resulting structures, also identified as hybrids (Figure 2a), were compared to those of the 

control linear microtubules (Figure 2b) obtained when free tubulin polymerized in the 

presence of GTP. Atomic force microscopy (AFM) analysis of diameter of these two 

structures along and across showed variations consistent with the presence of the S-doped 

C-dots. In particular, analysis performed along the hybrids or microtubules (red lines in the 

individual images) showed height variations from 10 to 48 nm (Figure 2c) for hybrid and 

from 7 to 10 nm for microtubules used as controls (Figure S4a). Complementary, height 

analysis performed across the two structures also showed variations from 11 to 17 nm for 

hybrids and from 3 to 12 nm for microtubules used as controls (Figure S4b). Previous study 

has showed such height variations could be presumably due to the uneven distribution of the 

glutaraldehyde or the mica surface-coating agent used to ensure specific attachment of 

microtubule or hybrid for AFM analysis or the uneven distribution of the S-doped C-dots into 

the hybrid itself
30,72

. Indeed, for the hybrids, there were also dots-like structures being 

observed in the recorded AFM images to confirm the successful entrapment of the S-doped 

C-dots. Figure 2e compares the diameter while Figure 2f compares the length distributions 

of microtubules and hybrids for significant statistics. The variations in the diameter supports 

previous reports
72

 while the similarities in controlled assembly, geometries and length 

demonstrate the feasibility and ease of the method create hybrid structures of controlled 

aspect ratios and surface characteristics. 

Upon demonstrating the controlled assembly of the hybrids, we further evaluated their 

functionality, herein defined as the ability of kinesin 1 molecular motor (simply called kinesin) 

to recognize their linearity and attach to their structure. In the cell, microtubules are being 

recognized by kinesin and used as tracks for the transport of organelles
73

 or synaptic vesicle 

precursor
74

 with kinesin walking on individual microtubule protofilaments in a processive 

manner by transforming the chemical energy of adenosine triphosphate (ATP) into 

mechanical work
43

. Kinesin ability for recognition and binding was tested under 

adenylyl-imidodiphosphate (AMP-PNP) energy (Figure 3a; AMP-PNP is known as a stable 

form of ATP being able to hydrolyzable extremely slowly
75

) and using AFM analysis.  

Analysis of the kinesin bound to the hybrids or kinesin bound to the control microtubules are 

shown in Figure 3b and 3c respectively. As shown, the linearity of the hybrid or control 

microtubule was conserved even upon binding; images analysis identified the bound kinesins 
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as dots-like geometries onto the individual samples.  

Height distribution AFM analysis performed across the hybrid or microtubule (along the 

red line identified in the above figures) showed that the bound kinesin had a height 

distribution from 5 to 12 nm when interfaced with the hybrids and from 2 to 7 nm when 

interfaced with the microtubules. Figure 3d and 3e compare the diameter distributions 

between kinesin-hybrid and kinesin-microtubule respectively for a large set of samples. 

Summary of the height distribution profiles shows values in nm scale, consistent with 

previous results
76

. The height variations observed for the immobilized kinesins in our 

experiments when compared to previous study (i.e., variation from the reported 3 nm
76

 to 5 to 

12 nm for the hybrids or 2 to 7 nm for the microtubule, in this study) is attributed to kinesin‘s 

possible orientation onto the surface of the hybrid or microtubule respectively (Figure 3f). 

Specifically, previous reports showed that when interfaced with microtubules in vitro, 

standard orientation, in which the core β sheet is face-on while helices α1-α3 are in front of 

the sheet and α4-α6 are in the back, could be observed. A ―V shape orientation‖ that rotates 

the standard view to 65
o
 about the vertical axis was also found

77
. Further, such height 

variation could also be a result of kinesin laying on different filaments of the imaged structure 

since previous reports have showed that kinesin binds to different protofilaments without 

selectivity
78

. Indeed, our control experiments have shown that single kinesin molecules 

immobilized onto mica surfaces (Figure S5a) and analyzed using contact mode had diameter 

variations between 2-12 nm (Figure S5b). 
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Figure 3: (a) Scheme of the kinesin-microtubule/hybrid binding in the presence of AMP-PNP. 

Representative AFM images of kinesin-hybrid (b) and kinesin-microtubule used as control (c). 

The line was chosen to follow the morphology of the sample for height analysis. d) The 

diameter distribution of 68 individual hybrids, 66 individual kinesin-hybrids measured on the 

kinesin and 80 individual kinesin-hybrid measured randomly, all collected from 20 and 22 

independent images respectively. e) The diameter distribution of 83 individual microtubules, 

70 individual kinesin-microtubule measured on the kinesin dot itself and 82 individual 

kinesin-microtubule measured randomly and collected from 25 and 23 independent images 

respectively. (f) Possible orientations of kinesin onto microtubule/hybrid.  
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Figure 4: (a) Schematic of the stepping assay. Briefly, a user-made flow cell was coated with 

anti-tubulin antibody for protein specific interactions. The stepping activity of the kinesin was 

observed using fluorescent microscopy, all under provided chemical ATP energy. (b) 

Fluorescent images of kinesin-hybrids at different time points; analysis (white line) show 

kinesin (green) ability to step on hybrids (red) as shown by the distance displacement. (c) 

Fluorescent images of kinesin-microtubule at different time (controls); again, analysis (white 

line) show kinesin (green) ability to step on control microtubule (red) as recorded by distance 

displacement. 
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The ability of the hybrids to perform tasks in synthetic environments using the templated 

kinesin as a precursor was tested using established stepping and gliding assays. In the 

stepping assay, kinesin is walking towards the plus end (or fast growing end) of a surface 

immobilized microtubule by mimicking its cellular function of cargo transport
79

. Such ability 

was previously demonstrated to be used in vitro to transport synthetic metals or 

semiconductor nanoparticle cargos
80

. In the gliding assay, surface immobilized kinesin are 

gliding microtubules in vitro to transport micrometer-sized cargoes across different arrays or 

selective load of biosensing molecules
81

.  

Figure 4a shows the schematic of the proposed stepping assay, in which kinesin-hybrids 

or kinesin-microtubules are introduced into a user-made flow cell, with casein used as coating 

protein to limit non-specific binding and loss of protein activity
82

. Anti-tubulin antibodies 

were used as site-specific forms of interaction (i.e., between templated tubulin and 

anti-tubulin antibodies respectively) of the hybrid or the microtubule control. Our analysis 

showed that kinesin molecules were not only able to recognize the structure of the hybrids (as 

identified by the superposition of green-kinesin and red-microtubule signals in the optical 

microscopy), but further, they were also able to move onto such structure when the energy 

source in the environment was exchanged from AMP-PNP to ATP
83

. The average kinesin 

speeds onto hybrids (Figure 4b) or microtubules (Figure 4c) were 0.3 or 0.2 μm/s 

respectively (results collected from 15 independent experiments). In addition, kinesins‘ 

dissociation from the hybrids or microtubule was identified as a disappearance of the green 

signal in the fluorescence timeframe. Such results confirm the ability of the hybrids to be 

serving as templates for kinesin, with kinesin movement being in a similar manner to that 

onto the control microtubules
84

. While previous reports identified that kinesin could 

recognize control microtubules to perform processive transport of nanocrystal
85

 and metal 

nanoparticles
80

, to our knowledge this is the first demonstration of kinesin to recognize 

non-biological hybrid structures and move in a processive manner and at a similar speed as 

for the control microtubule.  

Complementary, in the gliding assay (Figure 5a) kinesin was again not only able to 

recognize the structure of the hybrid (Figure 5b) but also able to glide it onto surfaces when 

the energy source was exchanged from AMP-PNP to ATP
83

. Optical imaging analysis also 

revealed that all of microtubules (Figure 5c) or hybrids in the field of view moved in random 

directions, which was previously shown to be related to the orientation of the microtubule 

and/or kinesin onto the substrate
86

. The average speed of microtubules was about 0.49±0.12 
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μm/s (150 microtubules evaluated), while that of the gliding hybrids was slightly higher 

however not significant (i.e., 0.52±0.14 μm/s; again, 150 hybrids were evaluated; Supporting 

Movie S1 and S2). Our analysis of a similar gliding velocity of the hybrid and microtubule 

used as control are supported by previous studies which showed that for both, single- and 

multi-motor in vitro motility assays, incorporation of additional functionality into the 

microtubule does not affect kinesin velocity and run length
87

. Moreover, previous research 

has also showed that if kinesin is encountering an obstacle on the microtubule structure, it 

could switch protofilaments and still be able to perform gliding in synthetic environment with 

the off-axis steps not making a large contribution to the motor protein velocity on decorated 

tracks
88

. 
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Figure 5: (a) Schematic of the gliding assay; casein was used as a blocking molecule to 

prevent non-specific binding of microtubules or hybrids. AMP-PNP bound GFP-kinesin 

attached to the flow cell was used to propel microtubules or hybrids when the AMP-PNP 

energy source was exchanged for ATP. (b) Fluorescent images of hybrids glided onto surface 

immobilized kinesin. (c) Fluorescent images of microtubules glided onto surface immobilized 

kinesin. 
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Once again, to our knowledge, this is the first demonstration of hybrid movement on 

kinesin functional surfaces. Moreover, to our knowledge, this is the first demonstration of 

integrated self-assembly and self-recognition biological functions in a hybrid formation that 

possesses sensing ability, i.e. in which the sensing is defined as both by the ability of the 

kinesin to recognize and move onto such structure as well as by the photoluminescence of the 

C-dots which were shown to be used in applications of Fe(III) detection
36

 for instance. Beside 

a viable demonstration of biological function implementation (i.e., implementing 

tubulin-related functions to a non-biological material, S-doped C-dots), such functionality 

also benefits of the known stability of the hybrids
30

. Specifically, previous studies have 

showed that such hybrids are stable for up to 9 days while at room temperature which is in 

contrast with maximum 5 days recorded for the microtubules
30

. It is thus envisioned that 

when one combines the stability of the hybrids with the functionality of kinesin and its ability 

to recognize and perform tasks on synthetic materials, individual molecular transport means 

to specific location could be achieved to benefit of electrical conductivity at nanointerfaces 

for biosensing
81

 or molecular sorting
89

.  
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Conclusions 

Our experiments have demonstrated activity and functionality of a hybrid material 

created from tubulin and S-doped C-dots. In particular, our experiments have demonstrated 

tight synthesis of nanodots to be used for attachment of biologically functional molecules of 

tubulin. The self-assembly properties of such molecules were further used to support the 

synthesis of hybrid structures, i.e. microtubules incorporating S-doped C-dots. The hybrids 

were manipulated in synthetic environment using kinesin-microtubule like functionality. Our 

experiments have the ability to be used for designing the next generation of sensors with high 

ability for detection (if one kinesin motor is used) or for load transport under ATP energy and 

the stability of non-biological material used as template.  
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Supporting Information 

1. Elemental characterization of Sulfur-doped Carbon nanodots (S-doped C-dots) 

User-synthesized S-doped C-dots were evaluated for their physico-chemical properties. 

Specifically, elemental composition of the user-synthesized S-doped C-dots was evaluated 

using X-ray photoelectron (XPS; Physical Electronics PHI 5000 VersaProbe XPS/UPS, USA) 

and Energy-dispersive X-ray (EDX; JEOL JSM-7600F Scanning Electron Microscope, USA) 

and spectroscopies. The pass energy for XPS was maintained at 117.4 eV with a 0.5 eV step 

for survey scans, or 23.5 eV and 0.05 eV for detailed scans while EDX was operated at 20 

kV.   

The XPS and EDX results are shown in Figure S1a and S1b; analyses revealed that the 

S-doped C-dots were mainly made up from carbon (C), oxygen (O), sodium (Na) and sulfur 

(S). A trace of phosphor was detected by XPS most likely a result of minor contamination. A 

detailed component analysis is shown in Table S1.  

 

 

 

Figure S1: a) The XPS survey graph of the S-doped C-dots. b) EDX analysis of the S-doped 

C-dots.  

 

Table S1.  

Percentage distribution of the elements present in the user-synthesized S-doped C-dots. 

Element (%) 

                         

Method 

Carbon 

(C) 

Oxygen 

(O) 

Sodium 

(Na) 

Sulfur 

(S) 

Phosphor 

(P) 

XPS 30.49 41.16 20.45 7.17 0.74 

EDX 23.32 23.08 28.34 25.26 0 
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2. Morphology and size characterization of the S-doped C-dots 

Morphologies and size of user-synthesized S-doped C-dots were assessed using 

transmission electron microscopy (TEM, HRTEM, Model JEM-2100) and scanning electron 

microscope (SEM; Hitachi High-Technologies Corporation). For TEM, the samples (1 mL of 

purified S-doped C-dots solution diluted into 10 mL of water) were dropped onto copper wire 

meshes and dried and dried for 20 min at 50 
o
C. Subsequently, an accelerated voltage of 200 

KV was used for analyses. For SEM, samples were dropped onto carbon take and analyzed at 

20K without any coating.   

TEM and SEM results (Figure S2 a and b) identified the morphology of the S-doped 

C-dots and showed well-separated and quasi-spherical nanodots. S-doped C-dots also have a 

rather narrow size (between 2 to 10 nm) with an average of about 7.18 nm. More than 94.41 % 

of the nanodots showed diameters of less than 12 nm indicating controlled synthesis.  

 

 

Figure S2: a) Representative TEM of S-doped C-dots. b) Representative SEM of S-doped 

C-dots. 

 

3. Spectroscopic evaluation 

 Tubulin absorbance was monitored on a UV-Vis spectrophotometer (Thermo Scientific 

EVO300). For this, tubulin was suspended in buffered phosphate saline (100 mM, PBS, 

formed from a mixture of monopotassium phosphate, KH2PO4, and dipotassium hydrogen 

phosphate, K2HPO4, both from Fisher Scientific, USA, pH 7.4) and evaluated in the 285-345 

nm range. Figure S3 shows the spectra of the protein, with no major absorbance domains in 

these wavelength ranges.  
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Figure S3: a) Representative absorbance spectra of the tubulin protein 

 

4. Atomic Force Microscopy (AFM) morphology analyses  

 The cross-section morphologies of the hybrids and the microtubule were also 

evaluated. The height distributions were showed in Figure S4a,b. In the height distribution, 

the height of the baseline represented the height of the substrate, while the height of peak 

represented the height of the sample on the substrate. The height difference between the 

baseline and the peak represented the height of the sample along.  

 

 

 

Figure S4: (a) Representative AFM analyses of kinesin-hybrid after crosslinking with 

glutaraldehyde. (b) Representative AFM analyses of kinesin-microtubule after crosslinking 

with glutaraldehyde. Inserts are showing the height distribution of samples along the red line, 

with the blue square representing the starting point of such analysis (0.0 μm). 
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The morphology and physical characteristics of the kinesin protein were evaluated using 

AFM with results being shown in Figure S5. For this experiment, 20 μL 50 μg/mL of the 

sample was dropped onto the APTES functionalized mica surface and incubated for 1 h at 

room temperature. For the APTES functionalization, the mica was first cleaned with 

deionized water (DI water), ethanol (90%, Fisher Scientific, USA), and again with DI water, 

and subsequently dried under vacuum overnight and at the room temperature. After that, the 

cleaned mica was subsequently functionalized with 3-aminopropyltriethoxysilane (APTES, 

Fisher Scientific, USA; 20 μL, 99%) through incubation at room temperature for 15 min; any 

remaining solution was removed under vacuum. After the incubation, the surface was washed 

with PBS buffer thoroughly.  

The AFM images were collected immediately after the washing step using contact mode 

in solution. For these measurements the cantilever‘s spring constant was calibrated using the 

thermal noise method; the scan rate of the tip was fixed at 0.5 Hz for all the experiments. At 

least 6 samples have been investigated to collect the sample morphology and for diameter 

analyses. Analysis show individual kinesin molecules deposited onto the mica surface 

(Figure S5a). Diameter distribution (Figure S5b) was quite large and it was presumably due 

to the orientation of the kinesin on the substrate.  

 

 

 

Figure S5: a) Representative AFM morphologies analyses of single kinesins molecules on 

the APTES-coated mica substrate. Insert shows height distribution of independent kinesins 

(along the red line 1) with the blue square representing the start point (0.0 μm); the line 

followed the sample morphology. b) The diameter distribution of the kinesin as resulted from 

independent AFM evaluations. 
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5. Gliding motility assay 

The gliding assay was performed using established protocols.  riefly, 20 μL 0.5 mg/mL 

casein (Fisher Scientific, USA) in BRB80 buffer (formed from a mixture of 80 mM 

piperazine-N,N‘-bis(2-ethanesulfonic acid buffer, 1 mM MgCl2 and 1 mM ethylene glycol 

tetraacetic acid (EGTA), pH 7.3; all reagents were purchased from Fisher Scientific, USA 

respectively) was added into a user-made flow cell and incubated for 5 min at room 

temperature. After that, 20 μL of 10 μg/mL kinesin solution with 0.5 mg/mL casein and 1 mM 

MgATP in BRB80 buffer was also added and incubated for another 5 min at room 

temperature. Lastly, 20 μL ‗modified‘ microtubule solution ( R 80 buffer which contained 

32 nM the hybrids-Movie S1 or microtubules- Movie S2 of the equivalent concentration, 

1mM MgATP, 20 mM d-glucose (Fisher Scientific, USA), 0.02 mg/mL glucose oxidase 

(Sigma, USA), 0.8 mg/mL catalase (Sigma, USA) and 0.5% β-mercaptoethanol) was added 

and incubated for 5 min at room temperature. The gliding process was observed using a 

fluorescent microscope with a 100x objective (NA=1.4).  

 

Movie S1: Gliding assay of the hybrids.  

 

Movie S2: Gliding assay of the microtubules control. 
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Chapter 5: Biomolecular interfaces based on self-assembly and self-recognition form 

biosensors capable to record single molecule binding and release  

 

Abstract 

This research proposed to create the next generation of versatile electrochemical-based 

biosensors capable to monitor target capture and release at a single molecule level. The 

biosensor integrates cellular machines (i.e., microtubules, structural elements of cells and 

kinesins, molecular motors involved in cellular transport) as functional units and its assembly 

is based on molecular self-assembly and self-recognition. Our results demonstrate that the 

designed biosensor was capable to allow detection of binding and unbinding events based on 

redox reactions at user-controlled electrode interfaces. The analysis also showed that the 

sensitivity of the designed biosensor or its ability to such events could be user-controlled at 

any given time by controlling the energy source that ―fuels‖ the biosensors.  
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Introduction 

Biological sensors have been widely used for disease diagnosis, environmental analysis
1,2

, 

electronic devices
3,4

, fermentation processes
5,6

 and biodefense applications
7,8

. Relying on 

single-single molecule interactions
9
 or directed interactions of alternative patterns

10
 or 

arrays
11

 of molecules, biological sensors allow for a faster
12,13

 and lower cost
14,15

 detection 

while revolutionizing the sensitivity limits
16,17

. Further, by allowing downscaling, biological 

principles based on self-assembly and self-recognition could be used to biosensor‘s benefit to 

permit detection at nanometer scales
18

 or manipulation of nanovolumes of samples with 

minimum pretreatment
19

. Specifically, Il-HoonCho et al.,
20

 designed an in-situ immuno-gold 

nanoparticle network protein-based biosensors to realize rapid detection of pathogens with a 

limit of detection of 3 cell/mL. Zhao et al.,
21

 reported on an ultra-sensitive biosensensor for 

direct detection of DNA with a limit of detection of 10.9 aM; in such a set-up, no interference 

from unmatched, double-base mismatched or single-base mismatched targets was recorded.  

Nasirizadeh et al.,
22

 showed that single mismatched and non-complementary ssDNA generate 

much smaller electrochemical signals than complementary ssDNA targets. Further, an 

acetylcholinesterase biosensor based on the prussian blue modified electrode enabled rapid 

detection of organophosphorous pesticides within only 10 min of exposure and with detection 

limits in ng/L
23

. Lastly, a reduced graphene oxide modified smart conducting paper based 

biosensor provided a low cost, disposable system to evaluate the concentrations of 

carcino-embryonic antigens biomarkers
24

. However, even with such a realm of applications 

and implementation, biosensors pose implementation drawbacks either resulted from 

non-specific cross-binding/cross-contamination and false positives
25

, their inability to 

discriminate between viable and non-viable systems
26,27

, limited stability or the 

inhomogeneity of the sensing elements
28

. 

Benefiting from the biological recognition and molecular assembly, cellular machines 

such as microtubules (MT) and kinesin I (simply called kinesin)
29

 have been proposed as 

components for the next generation of biosensors capable to simplify and increase the 

sensitivity of detection, all under environmental conditions and controlled chemical energy. 

MTs are cellular cytoskeletal filaments of tubular structure and diameters of 25 nm
30

 with 

roles in cellular division and transport
31

 while kinesin is a MT-associated motor protein 

responsible of cargo trafficking
32

. Smart dust biosensor powered by the kinesin-MT system 

was used to directly detect glutathione-S-transferase
33

, a phase II enzyme that catalyzes the 

conjugation of the reduced form of glutathione to xenobiotic substrates and is used for 
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detoxification
34

. Other kinesin-MT mobile immuno biosensors were used for the 

ultra-sensitive detection of the biowarfare Staphylococcal enterotoxin B at a 0.5 ng/mL 

resolution
35

 or to concentrate bovine serum albumin (BSA) protein from a nearby 

environment at sensitivities reaching 0.5 nM
33

. Lastly, Carroll-Portillo et al., designed a 

nano-harvester based on kinesin-MT system to measure tumor necrosis factor alpha 

(TNF-α)
36

a cell signaling protein used for assessing systemic inflammation
37

. In such 

proof-of-principle examples, the kinesin-MT system was not only able to concentrate the 

target to thus provide a lower limit of detection, but further, permitted a selective transport of 

such target to designated places to simplify the detection process itself. However, before a 

kinesin-MT biosensor becomes a viable implementation option, full control under 

user-specific conditions and user-friendly environments need to be demonstrated, all while 

downscaling sample volumes to allow for single molecule detection
36

.  

Herein we designed the next generation of sensitive biosensors based on a kinesin-MT 

system capable to detect single molecule targets. Our strategy is based on creating 

user-functionalized, sensitive electrodes capable to evaluate and detect molecular assembly 

formation as refined by self-assembly and self-recognition events, all under controlled 

chemical energy of adenosine triphosphate (ATP) . Our analysis demonstrates not only that 

the proposed kinesin-MT biosensor is easy to create, fast, convenient and economic in its 

design and implementation, but further, that is capable to detect single binding and 

dissociation events. Lab-on-chip integration of such biosensor could possibly be used for 

signal controlling of sensitive and exquisite nanoswitches to allow storage or release of single 

target molecules for applications ranging from molecular diagnosis to signal transduction.  
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Materials and Methods 

Expression of fluorescently labeled kinesin 1 molecular motor (dmKHC-EGFP) or 

simply kinesin 

Plasmid pPF_dmKHC-EGFP encoding for the dmKHC-EGFP protein (molecular weight 

91.7 kDa), and consisting of the Drosophila melanogaster kinesin delta tail (dmKHC) linked 

to the C-terminal end of the EGFP (enhanced green fluorescent protein) his-tagged on the 

protein‘s C-terminus was obtained at West Virginia University. The specific protocol was 

previously published
38

. Briefly, the coding sequence was copied by polymerase chain 

reaction (PCR) from the pPK124 plasmid, a kind gift of Prof. Jonathan Howard, Yale 

University. A set of known primers were also used while a pTriEx-4 plasmid (Novagen, MA, 

USA) linearized by treatment with the NcoI endonuclease (New England Biolabs, USA) 

carryed out the coding sequence for a C-terminal his-tagged EGFP protein.  Both the 

linearized pPF_EGFP plasmid and the pPK124 PCR amplicon were gel purified and 

assembled using a Gibson assembly kit (New England Biolabs, USA) with the assembled 

DNA sequences being subsequently introduced into E. Coli strain Stbl4 (Invitrogen, Fisher 

Scientific, USA). The pPF_dmKHC-EGFP plasmid was transformed into the E. coli strain 

BL21(DE3) pLysS (Stratagene, Agilent Technologies, USA) and protein expression was 

induced using standard protocols
38

.  

Expressed protein was purified using two Bio-scale mini IMAC cartridges (Bio-Rad 

Laboratories Inc., USA) in series installed in a BioLogic DuoFlow chromatography system 

(Bio-Rad Laboratories Inc., CA, USA) by running two buffers, i.e., the wash buffer (50 mM 

sodium phosphate (Na3PO4), 0.3 M NaCl, 1 mM MgCl2, 10 μM ATP, 5 mM 

β-mercaptoethanol, 10% glycerol, pH 8.0) and the elution buffer (wash buffer with 0.5 M 

imidazole, reagents from Biotool.com, USA) respectively. The protein was then eluted by 

imidazole gradient and concentrated into 1 mL volume. A second chromatographic step was 

applied for further purification; specifically, a Superdex 200 10/300 GL gel-filtration column 

(GE Healthcare Life Sciences, USA) equilibrated with storage buffer (100 mM imidazole, 

300 mM NaCl, 1 mM MgCl2, 10 μM ATP, 1.0 mM 1,4-dithiothreitol (DTT), 10% sucrose, 

pH 7.0) was used. Lastly, the protein concentration was estimated using the Coomassie 

protein assay and bovine gamma globulin standard (reagents from Fisher Scientific, USA). 
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Electrode cleaning 

A gold electrode (CH Instrument Inc., USA, diameter 2 mm) was treated with Piranha 

solution (containing 96.4% sulfuric acid, H2SO4, and 30% hydrogen peroxide, H2O2, Fisher 

Scientific, USA in a 3:1 (v:v)) for 10 min to remove any organic contaminant
39

. The 

electrode was subsequently rinsed with deionized water (DI water) and then successively 

polished with 1.0 m, 0.3 m and 0.05 m α-alumina (α-Al2O3, CH Instrument Inc., USA) 

powders. To remove impurities resulted from  polishing, the electrode was also rinsed with 

DI water, 10 mL ethanol (90%, Fisher Scientific, USA), acetone (99.7%, Fisher Scientific, 

USA) and again DI water, all under water bath sonication conditions. The electrode was 

subjected to cleaning by cyclic voltammetry in 50 mM H2SO4 with cycles being ran until a 

stable scan was obtained
39

. Lastly, the cleaned electrode was again rinsed thoroughly with DI 

water and used for the experiments listed below. 

 

Electrochemically functionalized kinesin  

Ferrocene monocarboxylic acid-kinesin conjugates were prepared by dissolving 4 mg 

ferrocene monocarboxylic acid (FCA, Fisher Scientific, USA) in 800 μL of  R 80 buffer 

(formed from a mixture of 80 mM piperazine-N,N‘-bis(2-ethanesulfonic acid buffer, 1 mM 

MgCl2 and 1 mM ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents were 

purchased from Fisher Scientific, USA) which contained 5 mM biotin-sulfo-N-Hydroxy 

succinimide (biotin-sulfo-NHS, Sigma, USA ), 2 mM 1-Ethyl-3-(3‘-dimethylaminopropyl) 

carbodiimide (EDC, Fisher Scientific, USA) and 10 μM taxol (Fisher Scientific, USA). The 

mixture was subsequently incubated for 15 min at room temperature. Upon incubation, 90 μL 

of 2.8 mg/mL kinesin (expressed as previously described) was mixed with the FCA solution 

and incubated for 4 h at 4 
o
C; the reaction was terminated by adding β-mercaptoethanol 

(Fisher Scientific, USA, 20 mM final concentration)
40

.   

FCA loading was estimated by subtracting the amount of the free FCA in the supernatant 

of the span down FCA-kinesin conjugates from the initial amount of FCA offered in the 

binding reaction. Specifically, the FCA-kinesin conjugates were span at 30,000 rpm for 10 

min on an Allegra 64R centrifuge (Beckman Coulter, USA) and the supernatant and washes 

of the different span down steps were recorded and evaluated using using a fluorescent 

microscope (Nikon, USA) and a 100 x objective (NA=1.4) under a GFP filter and under an 

exposure time of 8.3 s. The concentration of the free FCA in the supernatant was also 
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measured using an electrochemical workstation
41

 (VersaSTAT 3 potentiostat/galvonostat, 

Princeton Applied Research, USA) by recording the peak currents at a scan rate of 50 mV/s.  

 

Microtubule synthesis 

Microtubules (MTs) were synthesized from free tubulin suspended in a polymerization 

solution according to established protocols
42,43

. Briefly, the polymerization solution was 

obtained by vortexing 5 μL 100 mM MgCl2, with 6 μL dimethyl sulfoxide (DMSO, 99.7%, 

Fisher Scientific, USA), 5 μL 25 mM guanosine-5'-triphosphate (GTP, Sigma, USA) and 9 

μL  R 80 buffer. Then 2.5 μL of this polymerization solution was injected into 10 μL of 4 

mg/mL tubulin (Cytoskeleton Inc, USA) with the subsequent mixture being incubated at 37 

o
C for 30 min. The resulting MTs were stabilized in 1 mL BRB80 buffer solution containing 

10 μM taxol. The stabilized MTs were kept at room temperature until their experimental use; 

fresh solutions were prepared if the initial MT solution was older than 3 days. 

 

FCA-kinesin binding to MTs in a user-controlled synthetic environment 

FCA-kinesin conjugates were incubated with MTs in the presence of 

adenylyl-imidodiphosphate (AMP-PNP, Sigma, USA) to form FCA-kinesin-MT assemblies. 

Specifically, FCA-kinesin conjugates (different concentrations in BRB80 buffer were tested, 

i.e., 13.2-330 nM) were mixed with 2 μL of 20 mM AMP-PNP and incubated for 1 h at 4 
o
C. 

Subsequently, the mixture was mixed with 20 μL MT solution and incubated for another 30 

min, again at room temperature. Any free FCA-kinesin was removed by spinning the 

assemblies at 30,000 rpm for 10 min and washing of the resulting pellet with BRB80 buffer. 

The supernatant was evaluated using fluorescence microscopy (100 x objective (NA=1.4), 

GFP filter, exposure time of 8.3 s) to trace the amount of unbound FCA-kinesin; the 

procedure was repeated until no free FCA-kinesin was observed. The pellet 

(FCA-kinesin-MT assemblies) was redissolved in 20 μL  R 80 buffer with 10 mM taxol 

and used immediately.  

 

Functionalization of the electrode 

The 11-mercaptoundecanoic acid (Fisher Scientific, USA) was used to form a 

self-assembled monolayer (SAM) on the electrode previously cleaned with Piranha solution 

(see above). SAM was prepared by immersing the cleaned electrode overnight into a 100 mM 

11-mercaptoundecanoic acid solution in ethanol. Subsequently, 50 μg/mL anti-tubulin 
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antibody (Sigma, USA) was attached to the electrode using the 

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/ N-Hydroxysuccinimide (NHS) zero 

chemistry
44
. For this, 50 μL EDC/NHS (0.4 mM/0.1 mM) solution was dropped onto the gold 

electrode and incubated at room temperature for 15 min. The electrode was subsequently 

washed with 1 mL  R 80 buffer; 50 μL solution of 20 μg/mL anti-tubulin antibody was then 

dropped onto the electrode and the electrode was again incubated at room temperature for 4 h. 

After this additional incubation step, the electrode was washed with BRB80 and subsequently 

exposed to 50 μL FCA-kinesin-MT assemblies for 1 h incubation, all at room temperature. 

Lastly, the electrode was rinsed with BRB80 buffer containing 10 mM taxol and then 

exposed to 50 μL of 100 mM bovine serum albumin ( SA, Fisher Scientific, USA) for 30 

min, at the room temperature. After this last incubation step, the electrode was rinsed with 

BRB80 containing 10 mM taxol and subsequently used for cyclic voltammetry experiments 

(see below). 

 

Electrochemical measurement  

A three-electrode system was used to run the cyclic voltammetry experiments.  The 

working electrode was the bare or functionalized gold electrode 

(FCA-kinesin-MT/11-mercaptoundecanoid acid/Au), the silver/silver chloride (Ag/AgCl, 1.0 

M KCl) was the reference electrode, while the platinum electrode served as the 

counter-electrode (all electrodes were purchased from CH Instrument, USA). The reference 

electrode and the counter-electrode were rinsed with DI water and blown dry before every 

use. Cyclic voltammetry (CV, VersaSTAT 3 potentiostat/galvonostat, Princeton Applied 

Research, USA) was carried out in BRB80 buffer (pH 6.8) containing 10 mM taxol. The scan 

rate varied from 6 mV/s to 300 mV/s (6 mV/s, 8 mV/s, 10 mV/s, 20 mV/s, 30 mV/s, 40 mV/s, 

50 mV/s, 60 mV/s, 70 mV/s, 80 mV/s, 90 mV/s, 100 mV/s, 200 mV/s 300 mV/s.). 

Electrochemical impedance spectroscopy (EIS) was carried out on the same instrument, in 

BRB80 buffer containing 50 mM potassium ferricyanide (K3Fe(CN)6, Fisher Scientific, USA) 

and 10 mM taxol and in a frequency range from 0.1Hz to 100kHz. 

 

Statistics 

For each concentration of FCA-kinesin conjugates, 6 modified electrodes were used to 

obtain 6 different CV graphs which were subsequently statistically assessed. The total length 

of the MTs on the electrode was estimated using the area of the electrode (3.14 mm
2
) divided 
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by the diameter of an individual MT (25 nm) and assuming that all of the electrode‘s surface 

was covered by a MT monolayer. The FCA covalent binding to the amino groups of the 

kinesin allowed determination of the theoretical loading, with the kinesin structure being 

imported from previous research
45

 (included in Supporting Information S1).  
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Results and Discussion 

The recognition process between kinesin and microtubule (MT) as well as kinesin‘s 

movement along a MT track have been mimicked in synthetic environment for 

transport-oriented tasks, all under the chemical energy of adenosine triphosphate (ATP)
42,43

. 

Viable and remote
46

 kinesin-MT biosensors capable of specific capturing
47

 or transport of 

antigens
48

 have been proposed for biomedical and biodefense research
49

 or for smart dust 

biosensors generation
50

. However, in such applications the reality of implementation of such 

a kinesin-MT system was hindered by the biosensor‘s reduced specificity and overall 

analyte-related selectivity
51

. Herein we proposed to design the next generation of kinesin-MT 

biosensors that allow autonomous and controlled detection of molecular analytes binding and 

unbinding events, all with single molecule resolution, on cheap and easy to manufacture 

electrochemical platforms. It is envisioned that by controlling the recognition of kinesin-MT 

binding events with high sensitivity and accuracy one could allow the interpretation and 

integration of the system‘s transport function into a scalable chip-based platform that permits 

detection at low power of consumption and under low fabrication cost
52,53

 . 

To demonstrate the feasibility of the proposed design, we first labeled lab-expressed 

kinesin with a pseudo-reference agent capable of producing an electrochemical signal, 

namely ferrocene monocarboxylic acid (FCA; Figure 1a)
3
. Published reports showed that 

FCA could be bound to proteins either through electrostatic interactions or direct insertions
54

 

at their terminal amine sites or reactive amino acid side chains
55

. Further, previous reports 

showed that FCA has two known pair of reversible redox peaks between 0.2 V~0.8 V
56

.  

Kinesin‘s successful FCA labeling was demonstrated using cyclic voltammetry (CV); 

specifically, a pair of peaks between 0.2 V~0.8 V were recorded for the FCA-kinesin 

conjugates, all relative to unlabeled kinesin (Figure 1b; concentration of kinesin in both 

FCA-kinesin conjugates as well as in unlabeled kinesin was 1.5 µM). The observed pair of 

redox peaks was presumably due to the redox reaction of the FCA in the conjugates which 

had the reduction peak at about 0.25 V and the oxidation peak at about 0.32 V. A reduction 

peak current was also observed at 4.93 μA with the corresponding oxidation peak current at 

7.75 μA. 
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Figure 1: a) Schematic illustration of kinesin functionalization with ferrocene 

monocarboxylic acid (FCA). b) The cyclic voltammetry (CV) of unlabeled kinesin (simply 

called kinesin), FCA-kinesin conjugates and free FCA.  

Theoretical estimate of the FCA molecules bound at the available amino groups on the 

kinesin was 192 FCA per one kinesin molecule
45

. However, the experimental value, i.e., FCA 

loading estimated by subtracting the amount of the free FCA in the supernatant obtained by 

washing the FCA-kinesin conjugates (Supporting Information S2) and evaluated using CV 

was about 1245 FCA molecules per individual kinesin molecule. The difference is 

presumably due to the non-specific physical binding of the FCA
57

 to the kinesin molecules. 

FCA-kinesin conjugates were subsequently interfaced with user-synthesized MTs in the 

presence of adenylyl-imidodiphosphate (AMP-PNP; Figure 2a) to form FCA-kinesin-MT 

assemblies. MTs were obtained from precursor tubulin polymerized under the chemical 

energy of guanosine triphosphate (GTP)
42

. AMP-PNP is a non-hydrolyzed form of adenosine 

triphosphate (ATP) that allows for the high-affinity binding reactions between kinesin and 

MT to occur
58

. Previous studies showed that both heads of an individual kinesin bind at about 

8 nm apart onto a single MT profilament either in the presence of AMP-PNP or its ATP 

counterpart
59,60

. Free FCA-kinesin was removed by centrifugation as previously described. 

The FCA-kinesin-MT assembly was subsequently immobilized onto anti-tubulin antibodies 

covalently immobilized onto the gold electrode functionalized with a self-assembled 

monolayer (SAM) (Figure 2b)
61
. Herein SAM was used to create a ―soft‖ spacer

62
 between 



137 
 

the bare gold electrode surface and the FCA-kinesin-MT assembly, with such spacer also 

expected to ensure a more controlled and localized immobilization
63

 while reducing 

non-specific binding and denaturation of the individual proteins forming the assembly
64

.  

A range of different concentrations of FCA-kinesin were initially tested to identify any 

changes in the redox potential and how they were related to the number of FCA-based 

conjugates immobilized at the MT interface  (Figure 2c). A direct dependence of the peak 

currents on the FCA-kinesin conjugates concentrations was observed; specifically, the 

reduction peak currents decreased from 1.78 μA to 0.49 μA while the oxidation peak currents 

decreased from 2.14 μA to 0.58 μA when the FCA-kinesin conjugates concentrations used 

were varied from 13.2 to 84.3 nM. 

Electrode surface functionalization was confirmed using electrochemical impedance 

spectrum (EIS) with analyses being shown in Figure 2d. Specifically, the Nyquist plot that 

plots the relationship between the real parts of the impedance (ZR) and the imaginary parts of 

the impedance (ZI)
65

 of the bare gold electrode (Au; black) was a straight line,  

representative of the clean and flat surface of the electrode
66

. Upon SAM functionalization 

however, the Nyquist plot changed to display a semicircle-like shape (charge-transfer 

resistance Rct <10 Ω, where Rct the current flow produced by redox reactants at the 

interface)
65

 reflective of the increase in impedance as resulted from the 

11-mercaptoundecanoid Acid (MUA)/Au coverage
67

. Additional functionalization with 

anti-tubulin antibody changed the shape even further, with the Rct value reaching about 80 Ω 

for the anti-tubulin antibody/MUA/Au
68

. Lastly, the Rct increased to about 100 Ω after the 

bovine serum albumin ( SA) functionalization. The impedance decreased to about 50 Ω after 

immobilization of the FCA-kinesin-MT assembly onto the electrode surface (to form 

FCA-kinesin-MT/Anti-tubulin Antibody (BSA)/MUA/Au) presumably due to the redox 

reactions associated with FCA. Herein the chosen concentration of FCA-kinesin-MT was 

84.3 nM (see Figure 2c).  
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Figure 2: a) Schematic illustration of FCA-kinesin conjugate binding to a microtubule (MT) 

to form a FCA-kinesin-MT assembly in the presence of adenylyl-imidodiphosphate 

(AMP-PNP). b) The assembly was immobilized onto an anti-tubulin antibody functionalized 

electrode. Prior immobilization, surface functionalization of the electrode with self-assembly 

monolayers of 11-mercaptoundecanoic acid (MUA) and bovine serum albumin (BSA) aimed 

to reduce non-specific binding, was used. c) The CV analysis of different concentrations of 

FCA-kinesin-MT assembly immobilized at the modified electrode interface. d) 

Electrochemical impedance spectrum (EIS) at the functionalized electrode interface. Black: 

bare gold electrode (Au). Pink: MUA/Au. Red: Anti-tubulin Antibody/MUA/Au. Blue: 

Anti-tubulin Antibody (BSA)/MUA/Au. Green: FCA-kinesin-MT/Anti-tubulin Antibody 

(BSA)/MUA/Au. e) CV of background (black; obtained at the modified electrode 

(Anti-tubulin Antibody (BSA)/MUA/Au) interface), FCA-kinesin-MT (red) at the modified 

electrode interface, free FCA (blue) at the anti-tubulin antibody functionalized electrode 

interface and free FCA-kinesin control (pink) at the anti-tubulin antibody functionalized 

electrode (Anti-tubulin Antibody (BSA)/MUA/Au) interface respectively. 
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The detection ability is shown in Figure 2e; for this, the voltammetric waves of the 

modified electrode interface (black curve), the FCA-kinesin-MT assembly (red curve), free 

FCA-kinesin conjugate (pink curve) and free FCA (blue curve) were studied at the modified 

electrode interface, i.e., Anti-tubulin Antibody (BSA)/MUA/Au under a fixed scan rate of 50 

mV/s. The chosen scan rate was based on previous studies which showed that such value 

provide a smooth profile of most redox reactions
69

. As showed, well-defined pairs of redox 

peaks were identified for each sample except the background; reduction potentials of about 

0.255 V and oxidation potentials of about 0.322 V were identified for the free FCA and 

FCA-kinesin conjugate respectively. Although FCA-kinesin had similar redox potential as 

free FCA, the reduction current decreased from 6.64 to 4.89 μA while the oxidation current 

decreased from 10.1 to 7.83 μA. The reduction potential of the FCA-kinesin-MT assembly 

was about 0.08 V while its oxidation potential was about 0.51 V.   

Our analysis confirm previous reports that showed that ferrocene (Fc) derivatives have 

redox peaks at about 0.15 V and 0.26 V (for Fc-CH2OH) or 0.25 V and 0.6 V for Fc-CHO
70

 

respectively. The observed oxidation peak current of the FCA-kinesin-MT assembly was 

about 1.86 μA while its reduction peak current was about 2.56 μA. These results are similar 

to previous reports that showed that the FCA has redox peaks between 0.2~0.4 V at a 

bis(4-pyridyl) disulphide (PySSPy)/glucose oxidase-modified  gold electrode
71

. The control 

black curve appeared smooth with no obvious peaks in the voltage range of FCA thus 

confirming that there was no redox reaction happening at such interface
72

. 

Our analysis also showed that the separation of the redox peaks (ΔEp; 0.468 V) for the 

FCA-kinesin-MT assembly was much larger than the one of the free FCA or the FCA-kinesin 

conjugates respectively, all as recorded at the modified gold electrode (0.059 V). The 

recorded peak separation possibly indicates a decrease of the reversibility of the redox 

reaction and/or a faster electron transfer kinetics at the electrode interface. For the first, the 

non-specific binding the FCA onto the kinesin could possibly lead to embedment of its 

electrochemical activity and active site coverage as resulted from the overall kinesin 

hindrance effects. This is supported by previous analysis by Wu et al.,
73

 that showed that the 

electrochemical signal of the alizarin red S (ARS) decreased rapidly after it was specifically 

bound to BSA, with such bound molecule getting buried/ entrapped into the protein; ARS is 

an organic dye used as an electrochemical probe
74

. The electrochemical signal of the ARS 

was however fully recovered when the molecule was exposed upon unfolding BSA by 

addition of urea. For the second, the increased peak separation could be attributed to the 
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electrode modification
75

. In particular, Chen et al.,
76

 found that chemical derivation of the 

carbonyl groups on the electrode would decrease the electron transfer rate of the Fe
3+

/
2+

 pair 

by 2~3 orders of magnitude. Further, when compared with the free FCA, the redox peaks of 

the conjugates and also the assembly appeared to be broader with the broadening possibly 

indicating that the electrochemical process became less reversible, and the electrochemical 

reversibility factor fr approaches a zero value
77

. Such behavior is presumably due to the 

electrochemical activity sites in the FCA being concealed after FCA binding to kinesin
73

. 

Upon demonstrating that both conjugates and assemblies as well as their association in 

the AMP-PNP state could be detected at functionalized gold electrodes, we evaluated the 

sensitivity of such detection. Herein sensitivity is defined as the ability of the functionalized 

electrode to discriminate between different concentrations of FCA-based conjugates 

immobilized onto similar concentrations of MTs. The relationship between the anodic peak 

currents and the concentrations of the FCA-kinesin conjugates immobilized onto the MT- 

functionalized electrode is shown in Figure 3a. To record such sensitivity, we extended the 

range of concentrations of FCA-kinesin conjugates from 13.2 to 330 nM. It was observed that 

in this concentrations range the anodic peak currents increased from 0.45 to 1.79 μA 

presumably due to the increase in the number of FCA-kinesin conjugates present at specific 

MT binding sites. This was further confirmed by the lower concentration ranges of the 

cathodic peak currents which also increased rapidly, i.e., from 0.579 to 1.92 μA. Our analysis 

also showed that in the higher concentration range (from 84.3 nM to 330 nM), the anodic 

peak currents did not seem to change relative to the increase in the FCA-kinesin conjugates 

concentration. This was presumably due to all the available binding sites on the MT being 

fully covered by the conjugates. Indeed, theoretical calculation of the maximum number of 

FCA-kinesin to be bound onto a monolayer of MTs at the electrode interface led to about 

1.58 × 10
12 

FCA-kinesin conjugates. Herein the monolayer was considered to be formed from 

the total length of a MT covering the overall electrode area divided by an individual MT 

diameter (i.e., 25 nm)
78

 as well as considering that kinesin molecules binding area is about 8 

nm at a MT individual binding site
79

 (Supporting information S3). The number of 

FCA-kinesin conjugates in 13.2 nM concentration was about 5.66 × 10
11

, in 84.3 nM was 

about 3.62 × 10
12

, while at the 330 nM was about 1.45 × 10
13 

respectively. For such 

calculations we considered the molecular weight of kinesin as being 188 kDa
29

 and the 

Avogadro number 6.0221409×10
23

. In addition, as showed in Figure 3a inset, there was a 

linear relationship between the reduction peak currents and the FCA-kinesin concentrations 
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in the concentration range of 13.2 nM to 39.5 nM. Based on these above and considering that 

the signal to noise ratio needs to equals 3 in such cases
80

, the calculated limit of detection of 

FCA-kinesin was 6.26 nM, while the sensitivity was 0.38 nM according to the linear fitting.  

Figure 3b shows the dependence of the charge (Q) at the electrode surface on the 

different concentrations of the FCA-kinesin being used. Herein the charge was calculated 

based on Faraday‘s law
81

 using: 

 

                                                                 (1)  

 

where I is the current and t is the time necessary for a redox reaction to occur. Analyses 

revealed that Q increased from 0.71 μC to 1.87 μC with increasing the immobilized 

FCA-kinesin conjugates concentrations at the MT interfaces, with such an increase being 

visually divided into two separate regions. Specifically, within 13.2 nM to 84.3 nM 

FCA-kinesin concentrations, Q increased rapidly. However, upon reaching the saturated 

concentration of 84.3 nM for the FCA-kinesin conjugates, Q values seemed to have reached a 

plateau and subsequently only change slightly presumably due to the saturation levels (Qsat) 

associated with full coverage of the MT monolayer
57

 or non-specific binding at the electrode 

itself to hinder the FCA signal. In particular, previous research has showed that the possible 

generation of reactive oxygen species via Haber–Weiss and/or Fenton reactions
82

 could lead 

to possible hindrance
73

 of the FCA signal or kinesin denaturation
83

 respectively.  

Q I t 
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Figure 3: a) The relationship between the anodic peak currents and the concentrations of the 

FCA-kinesin-MT assemblies immobilized onto the functionalized electrode. Inset: The linear 

relationship between the peak currents and the concentrations of the FCA-kinesin-MT 

assemblies immobilized onto the electrode. b) The relationship of the charge involved in the 

redox reaction (Q) at the modified electrode and the concentrations of the FCA-kinesin-MT 

assemblies. Inset: The linear relationship between the c/Q and the concentrations of 

FCA-kinesin. All experiments were performed at a scan rate of 50 mV/s. 

 

Based on the obtained charge listed in Figure 3b, the number of available reactants (i.e., 

FCA) that could undertake a redox reaction at the electrode interface can also be calculated 

from the Faraday‘s law
84

 by using:  

 

                                                            (2)   FCAQ nFAГ
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where Q is the charge involved in the reaction or the accumulated charge on the electrode 

surface, n is the number of the electron transferred per molecule that undergoes the redox 

reaction (1 in this study) 
85

, F is the Faraday constant (9.648 70 × 10
4
 C × mol

-1
), A is the area 

of the interface and Г is the surface coverage of the reactant (i.e., FCA in this study).  

Specifically, the surface coverage of the kinesin (Гkinesin) was calculated as: 

 

                                                        (3) 

 

where Nkinesin/NFCA represented the binding ratio between kinesin and FCA in the 

FCA-kinesin conjugates respectively. Lastly, considering that surface coverage of the FCA on 

the electrode was 3.90 × 10
16

 molecules/m
2
 (1.22 × 10

13
 molecules on the electrode in total if 

all the electrode area was covered by a MT monolayer) at the saturated concentration (Figure 

3b), and considering that modification of kinesin with FCA would not considerably increase 

its surface area, the surface coverage of the FCA-kinesin was about 3.13 × 10
13

 molecules/m
2  

(9.82 × 10
9
 molecules on the electrode in total) at the saturated concentration compared with 

5.09 × 10
15 

molecules/m
2
 (1.57 × 10

12
 molecules) of the theoretical full coverage value of the 

electrode.  

We further evaluated whether the binding affinity (i.e., recognition reaction between 

kinesin and microtubule) changes upon kinesin labeling with FCA. For this, we used the 

Langmuir model
86

, 

 

                                                          (4) 

 

where c was the concentration of the redox cation (the concentration of the FCA-kinesin 

conjugate in this study), K is the binding constant and Qsat is the charge involved in the redox 

reaction at the saturated FCA-kinesin conjugates coverage respectively. Previous research has 

showed that this model can be used to study the binding process between (Ru(NH3)6
3+

) and 

DNA molecules on the electrode surface
38 

for instance. Our analysis showed that there was a 

linear relationship between the c/Q and the concentration of the immobilized FCA-kinesin 

conjugates that allowed calculation of the Qsat and K respectively. Specifically, Figure 3b 

inset showed the linear relationship between the c/Q and the kinesin concentration and allow 

sinkine
kinesin FCA

FCA

N
Г Г

N


1

sat sat

c c

Q Q KQ
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calculation of the saturated charge as being 1.96 μQ.  

Electron transfer kinetics or the influence of the scan rate on the CV waves was also 

investigated. Previous research has showed that electron transfer kinetics provides a 

quantitative description of electrochemical reversibility
77

 to unveil the nature of a 

donor-acceptor interaction
87

. Specifically, based on the Marcus theory
88

 that specifies that the 

electron transfer provides valuable basis for quantitatively comparing homogeneous and 

heterogeneous processes
89

, with the theory assuming that after the reaction reactants are 

weakly coupled and stay individually rather than form a complex. Such processes could 

potentially help identify whether the binding affinity of the kinesin-FCA to the MT was 

changed due to the kinesin labeling with FCA, since previous analysis (Randles-Sevcik 

Equation)
90

 has showed that the adsorption-controlled redox process reveals a linear 

relationship between the peak current and the scan rate while the diffusion-controlled redox 

process showed a linear relationship between  the peak current and the square root scan rate. 

Kinesin-FCA conjugate with a concentration smaller than the saturated concentration (42.2 

nM) was used to form kinesin-FCA-MT assembly on the electrode surface in order to reduce 

any embedment. 

As shown in Figure 4a, a pair of well-defined redox peak appeared when the scan rate 

was lower than 300 mV/s, i.e., from 6 to 300 mV/s. However, when the scan rate was faster 

(larger than 300 mV/s), the redox peaks were hardly defined, as the change in current was too 

large to be recorded. Complementary, when the scan rate decreased to 6 mV, both the currents 

of anodic and cathodic peaks (Ipa and Ipc) increased. Further, the anodic potential (Epa) shifted 

to became more negative while the cathodic potential (Epc) became more positive when the 

ΔEp increased from 39 mV to 363 mV. Our experiments are supported by the Laviron‘s 

Equation
91

 which showed the dependence of the anodic/cathodic potential on the scan rate for 

such a quasi-reversible reaction. Herein the reaction is being considered quasi-reversible 

since the peak separation is large than 59 mV however only slightly. Briefly, for the 

quasi-reversible reaction, the anodic and cathodic potentials becomes larger (anodic) or 

smaller (cathodic) with the increasing of the scan rate.  

Considering the electrochemical probes as being the immobilized FCA-kinesin-MT 

assembly and considering that the redox reaction is an adsorption-controlled electrochemical 

process, a direct relationship between the peak currents and the scan rates was also obtained 

(Figure 4b). Analysis showed that the peak current (Ip) is proportional to the scan rates 

confirming that the absorbed species or the material at the surface of the electrode are the 
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ones mainly contributing to the observed reaction
92

. Our analysis are supported by previous 

studies that showed that the adsorbed bromothymol blue for instance had an 

adsorption-control redox process onto a carbon paste electrode
93

.  

The peak separation at the highest scan rate (300 mV/s) was further used to estimate the 

heterogeneous electron transfer rate constant. Such rate constant allows depicting the rate at 

which an electron can move or jump from the electron donor to the electron acceptor
94

. For 

this, the electron transfer coefficient k and transfer coefficient α were calculated from the 

Laviron‘s equation by using: 

 

                                                   (5) 

or 

                                           (6) 

 

where Epc and Epa are the cathodic and anodic peak potentials and the E
o‘

 is the formal 

potential respectively. The E
o‘

 was calculated from the Ep vs. v plot by extrapolating the line 

to v=0
95

 and considering that n is the number of electrons being transferred at the conductive 

surface, α is the transfer coefficient for the catholic process, R is the gas constant and T is the 

temperature respectively. The Laviron‘s equation assumes both redox states were strongly 

adsorbed and non-interacting on the surface, while the adsorption and electron-transfer 

processes involving solution-resident species would not affect measured currents
96

. 

Figure 4c shows the Laviron‘s plots and allowed the electron transfer rate constant k to 

be calculated as being 0.23 s
-1

. Our result is supported by previous research that showed the 

electron transfer rate constant was 11.80 s
-1

 between FCA and cysteamine modified gold 

electrode and 0.27 s
-1

 between FCA and cysteamine/single wall carbon nanotube modified 

gold electrode
97

 respectively. Our result also reflected a slow heterogeneous electron transfer 

at the interface (since the value is small) that could be caused by the conformational changes 

in FCA-kinesin-MT assembly or the embedment of the FCA molecules at such interfaces
98,99

. 

Briefly, if the FCA was embedded then the hindered electron transfer between the FCA and 

the electrode surface will limit transfer at the interface being recorded
74

. Such embedment 

could be a result of kinesin assuming different conformation at the MT interfaces; previous 

studies have showed that kinesin could assume either a stand up or a lay on geometry
100

 

which could lead to further hindering.  

' ln( )o

pc

RT nFv
E E

nF RTk




 

' (1 ) nFv
ln( )

(1 ) nF

o

pa

RT
E E

RTk






 





146 
 

 

 

Figure 4: a) CV of FCA-kinesin at modified electrode under different scan rates (6-300 

mV/s). The concentration of the FCA-kinesin was kept constant at 42.2 nM, which 

represented that concentration that limits the saturation sites of the MTs. b) The linear 

relationship between the scan rates and the peak currents of the FCA-kinesin conjugates. c) 

Laviron‘s plots. All experiments were carried at modified electrode (Au/MUA/Anti-tubulin 

Antibody (BSA)/MT) in BRB80 buffer (pH 7.1) with 10 µM taxol. 
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Upon confirming the electron transfer at the FCA-kinesin-MT assembly, we further 

evaluated the ability for detection of FCA-kinesin conjugates dissociation. It is hypothesized 

herein that if the ability for detection of the dissociation of FCA-kinesin conjugates from MT 

could be recorded, such strategy will help define and characterize the proposed biosensor‘s 

sensitivity of kinesin-FCA unbinding, with the sensitivity being defined as the ability of the 

sensor to provide a signal at a threshold concentration. Association and dissociation processes 

of kinesin-MTs are known to occur naturally in the cell and were shown to be responsible for 

functionally modulating cellular activities from DNA repair to kinesin-MT binding events 

involved in the cell division process
101,102

. Impediment of such processes was shown to lead 

to several diseases such as amyotrophic lateral sclerosis (ALS)
103

 and Alzheimer
104

. Further, 

impeded association or dissociation has also been shown to affect cellular activity or cell 

division
105

. When mimicked in synthetic environment, impeded association or dissociation of 

kinesin-MT conjugates were shown to lead to failure of a synthetic biosensor
106

. Sensitivity 

of dissociation was evaluated considering the performance and functionality of kinesin 

molecules. Specifically, in the cells kinesin 1 performs processive steps of 8 nm
107

 under the 

chemical energy of ATP. Previous research has shown that kinesin-MT motion is influenced 

by the ATP concentration available for the individual mechanical cycle performed by kinesin, 

with analysis showing that the velocity of a single molecule moving along the MT is obeying 

the Michaelis-Menten kinetics
108

. Previous research has also showed that using the chemical 

energy of ATP and transforming it into mechanical cycle
42

 will lead to kinesin releasing the 

MT binding sites in a bipedal stepping-like manner and at a controlled velocity
109

.   

The schematic of FCA-kinesin conjugates dissociation as triggered by the addition of 

ATP (constant concentration of 250 µM) is shown in Figure 5a with specific analysis 

reflected in Figure 5b. As revealed, the electrochemical signal at the electrode interface 

decreased upon addion of ATP  presumably as a result of kinesin molecules stepping out of 

the immobilized MT, releasing their binding sites and thus leading to decreased of individual 

FCA-kinesin conjugates bound at one time onto the modified electrode and capable to 

undergo redox reactions at such interface. Herein in order to record maximum dissociation 

sensitivity we used the kinesin at the saturated concentration as identified in Figure 3a, i.e., 

84.3 nM. Specifically, analysis performed for 20 CV cycles with scanning being stopped for 

20 sec after finishing each such CV cycle, showed that the peak currents decreased
110

 with the 

redox peak current of the FCA-kinesin being about 1.332 µA and -1.726 µA respectively at 

the first CV cycle, and 0.687 µA and - 0.948 µA after the last 20
th

 cycle.  
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Based on these observations and the theoretical concentration of FCA-kinesin conjugates 

used herein and known to lead to full MT coverage, the numbers of FCA-kinesin conjugates 

dissociating during the cyclic processes was estimated as being about 1.2×10
16

 FCA-kinesin 

conjugates onto the MT in cycle 1 and 7.0×10
15 

in cycle 20. Based on such analysis, about 

3×10
15 

FCA-kinesin dissociated from the MT in the 20 cycles being considered.   

Figure 5c shows the relationship between the number of FCA-kinesin conjugates left at a 

given time onto the MT and time. As shown, the number of the FCA-kinesin conjugates 

associated with the MT decreased rapidly at the beginning of the scanning (i.e., during the 0 

to the 150 s time interval), to subsequently become stable (i.e., during the 150 to 800 s time 

interval). Also according to Figure 5c, about 2.6×10
12 

FCA-kinesin conjugates dissociated 

from the MT per second 
110,111

. The resulting sensitivity of dissociation was thus 2.04×10
12

 

molecules (3.39 ×10
-10 

mol considering that kinesin molecular weight is 188 kDa
29

 and the 

Avogadro number is 6.0221409×10
2
 ).  

This is the first demonstration of dissociation events being recorded at the level of single 

molecule binding as dictated by the recognition events between kinesin and MT. Further, this 

is the first demonstration to allow characterization of the event under chemical (energetical) 

transformation as associated with kinesin stepping onto the MT. By precisely controlling of 

the amount of ATP used in the system, we foresee control of the number of the FCA-kinesin 

conjugates left on the MT, again, at a single molecule level. Further, by integration of such 

biosensor on a lab-on-chip platform, we foresee the formation of a ―nanoswitch‖ (―on‖ to be 

provided by the ATP while the ―off‖ is to be provided by the AMP-PNP in solution) for 

applications ranging from biosensing, to logic gate design and operation, and diagnostics. In 

addition, we also foresee realization of storage and controlled release capabilities based on 

kinesin carried binding and unbinding of different cargo to be applicable to technologies from 

drug delivery to corrosion inhibition. 
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Figure 5: a) Schematic illustration of the FCA-kinesin conjugates stepping of the MT 

imoobilized at the electrode interface upon the addition of ATP. b) CV of FCA-kinesin 

conjugate at the modified electrode modified electrode (Au/MUA /Anti-tubulin Antibody/MT) 

after adding 250 µM ATP.  
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Conclusions 

Herein we demonstrated successful design and fabrication of a biosensor based on 

kinesin-MT system; the designed biosensor was capable to allow detection of association and 

dissociation events based on redox reactions at user-designed electrode interfaces.  Our 

biosensor functionality is inspired by cellular processes driven by molecular motors and 

could be implemented as a versatile nanoswitch under different energy sources. By 

integrating such a biosensor into a microfluidic chip, applications in biomedical, forensic and 

environmental analysis are foreseen. 
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Supporting Information  

1. The sequence of kinesin 1 (simply called kinesin) heavy chain 

This sequence was imported from previous research
1
. 

   10         20         30         40         50 

MADLAECNIK VMCRFRPLNE SEVNRGDKYI AKFQGEDTVV IASKPYAFDR  

        60         70         80         90        100 

VFQSSTSQEQ VYNDCAKKIV KDVLEGYNGT IFAYGQTSSG KTHTMEGKLH  

       110        120        130        140        150 

DPEGMGIIPR IVQDIFNYIY SMDENLEFHI KVSYFEIYLD KIRDLLDVSK  

       160        170        180        190        200 

TNLSVHEDKN RVPYVKGCTE RFVCSPDEVM DTIDEGKSNR HVAVTNMNEH 

       210        220        230        240        250 

SSRSHSIFLI NVKQENTQTE QKLSGKLYLV DLAGSEKVSK TGAEGAVLDE  

       260        270        280        290        300 

AKNINKSLSA LGNVISALAE GSTYVPYRDS KMTRILQDSL GGNCRTTIVI  

       310        320        330        340        350 

CCSPSSYNES ETKSTLLFGQ RAKTIKNTVC VNVELTAEQW KKKYEKEKEK  

       360        370        380        390        400 

NKILRNTIQW LENELNRWRN GETVPIDEQF DKEKANLEAF TVDKDITLTN  

       410        420        430        440        450 

DKPATAIGVI GNFTDAERRK CEEEIAKLYK QLDDKDEEIN QQSQLVEKLK  

       460        470        480        490        500 

TQMLDQEELL ASTRRDQDNM QAELNRLQAE NDASKEEVKE VLQALEELAV  

       510        520        530        540        550 

NYDQKSQEVE DKTKEYELLS DELNQKSATL ASIDAELQKL KEMTNHQKKR  

       560        570        580        590        600 

AAEMMASLLK DLAEIGIAVG NNDVKQPEGT GMIDEEFTVA RLYISKMKSE  

       610        620        630        640        650 

VKTMVKRCKQ LESTQTESNK KMEENEKELA ACQLRISQHE AKIKSLTEYL  

       660        670        680        690        700 

QNVEQKKRQL EESVDALSEE LVQLRAQEKV HEMEKEHLNK VQTANEVKQA  

       710        720        730        740        750 

VEQQIQSHRE THQKQISSLR DEVEAKAKLI TDLQDQNQKM MLEQERLRVE  
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       760        770        780        790        800 

HEKLKATDQE KSRKLHELTV MQDRREQARQ DLKGLEETVA KELQTLHNLR  

       810        820        830        840        850 

KLFVQDLATR VKKSAEIDSD DTGGSAAQKQ KISFLENNLE QLTKVHKQLV  

       860        870        880        890        900 

RDNADLRCEL PKLEKRLRAT AERVKALESA LKEAKENASR DRKRYQQEVD  

       910        920        930        940        950 

RIKEAVRSKN MARRGHSAQI AKPIRPGQHP AASPTHPSAI RGGGAFVQNS  

       960  

QPVAVRGGGG KQV                       

 

2. Loading of the redox agent onto the kinesin 

Kinesin was expressed as described previously and listed in the Materials and Methods
2
. 

Ferrocene monocarboxylic acid-kinesin conjugates were prepared by dissolving 4 mg 

ferrocene monocarboxylic acid (FCA, Fisher Scientific, USA) in 800 μL of  R 80 buffer 

(formed from a mixture of 80 mM piperazine-N,N‘-bis(2-ethanesulfonic acid buffer, 1 mM 

MgCl2 and 1 mM ethylene glycol tetraacetic acid (EGTA), pH 6.8; all reagents were 

purchased from Fisher Scientific, USA) which contained 5 mM biotin-sulfo-N-Hydroxy 

succinimide (biotin-sulfo-NHS, Sigma, USA ), 2 mM 1-Ethyl-3-(3‘-dimethylaminopropyl) 

carbodiimide (EDC, Fisher Scientific, USA) and 10 μM taxol (Fisher Scientific, USA). The 

mixture was subsequently incubated for 15 min at room temperature. Upon incubation, 90 μL 

of 2.8 mg/mL kinesin (expressed as previously described) was mixed with the FCA solution 

and incubated for 4 h at 4 
o
C; the reaction was terminated by adding β-mercaptoethanol 

(Fisher Scientific, USA, 20 mM final concentration)
3
.Loading of the FCA onto the kinesin 

was estimated by subtracting the amount of the free FCA in the supernatant of span down 

FCA-kinesin conjugates from the total FCA being added in the reaction. Specifically, after 

the FCA-kinesin conjugates were synthesized as described above, the FCA-kinesin 

conjugates were span at 30,000 rpm for 10 min using an Allegra 64R centrifuge (Beckman 

Coulter, USA). After the centrifugation, the supernatant was collected and evaluated using 

fluorescence microscopy (Nikon, USA). The pellet was mixed with BRB80 again and the 

centrifugation was repeated until there was no kinesin visible in the fluorescence microscopy. 

The concentration of the free FCA in the supernatant was also evaluated using the 

electrochemical workstation and a user-performed calibration curve (Figure S1). 
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Figure S1: The calibration curve of FCA. 

 

3.  Theoretical evaluation of FCA-kinesin conjugates Immobilized at the 

user-functionalized electrode interface 

Calculations considered the total length of a MT (LMT) as being the overall electrode area 

(3.14 mm
2
) divided by an individual MT diameter (i.e., d=25 nm

4
) as well as that kinesin 

molecules binding area is about 8 nm at a MT individual binding site
5
. Maximum theoretical 

numbers of FCA-kinesin conjugates (NFCA-kinesin-max) on the electrode was thus calculated 

using: 

 
sin max

8

MT
FCA Kine

L
N

nm
        

 

The full area of the electrode was defined as AE.  

2 2 4 2(0.5 ) 3.14 (0.5 0.02) 3.14 10EA d m         

The area that the microtubule occupied on the electrode defied as AMT equaled its 

cross-section area (AMT-cross). When the MT formed a monolayer on the electrode it was 

considered that full surface area of the electrode (AMT =AE) was occupied. The length of the 

microtubule was calculated using the area of the gold electrode divided by the diameter of the 

microtubule.  

4 2
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CONCLUSIONS 

Applications of Cellular Components in 

Engineered Environments 

Manipulation of cellular components in synthetic environment has attracted interest for 

applications ranging from sensors to nanelectronics, and from catalysis to biomedical devices. 

In such applications, biological-based processes such as specific recognition and 

self-assembly direct the formation of assemblies and hierarchical structures, all at minimum 

energy costs, with high efficiency and reliability. This thesis presents novel concepts and 

implementations of such cellular components in engineered environments. From studying 

single molecule assembly forces using atomic force microscopy approaches, to using single 

biomolecules for printing patterns with ultrahigh resolution, and from combining single 

biomolecules with user-synthesized nanomaterials to create novel self-assembled hybrids to 

be manipulated on user-defined surfaces for the creation of the next generation of 

nanocircuits, the work included herein offers viable solutions for emerging science and 

engineering concepts that aim to promote natural-based processes for synthetic applications. 

Briefly: 

 

Chapter 1 reveals how atomic force microscopy (AFM) can be used to study the 

interactions between biological molecules. Specifically, we used atomic force microscopy to 

study and rank the energetics of the interactions between streptavidin and its ligand, namely 

anti-streptavidin antibody, which is used for nucleotide array, ELISA, and flow cytometry 

applications, just to name a few. By using the well characterized biotin-streptavidin molecular 

recognition as a control and by applying multi-system Gaussian fitting analysis to the 

distribution of the rupture forces evaluating the binding events between streptavidin and 

anti-streptavidin antibodies, we found that multi- and single binding events occurred at 

user-functionalized interfaces to account both for association and dissociation of the specific 

protein-ligand as well as for the structural integrity and binding efficiency of the analyzed 

complex. Our analysis also showed that by controlling the specificity of binding and limiting 

the non-specific interactions, fine tuning of the binding events can be achieved, all as a result 

of the packing of the proteins or ligands at their binding sites. The importance of elucidating 

the energetics of protein-ligand bonds is underscored by applications in a variety of fields 

from the fundamental science of understanding operative biomolecular interactions that 
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govern and maintain structure and function in the biological world, to their synthetic 

translation for in situ assays in biosensors, immunoassays and diagnosis, or in pharmaceutical 

development. (Publication: Hu, Xiao, and Cerasela Zoica Dinu. "Analysis of affinities 

between specific biological ligands using atomic force microscopy." Analyst 140.24 (2015): 

8118-8126.) 

 

Building on the work in Chapter 1 and on the knowledge of single molecule recognition 

binding events, in Chapter 2 we integrated our specific binding approaches for the creation 

of the next generation biological pen capable to print on user-functionalized surfaces single 

molecules with ultrahigh resolution. Advancing ultrahigh resolution (below 10 nm) direct 

writing technologies could lead to impacts in areas as diverse as disease detection, genetic 

analysis and nanomanufacturing. Current methods based on electron-beam, photo- or dip-pen 

nano-lithography are laborious and lack flexibility when aiming to generate single molecule 

patterns for application specific integration. We hypothesized and demonstrated that a novel 

strategy could be developed to allow for writing of parallel and yet individually addressable 

patterns of single molecules on user-controlled surfaces. The strategy was based on using the 

in vitro self-recognition of tubulin protein to assembly the rigid protofilaments of a 

microtubule, with such microtubule to be subsequently used as a ―biopen‖ capable of writing 

―inks‖ of single kinesin molecules in user-defined environments. In the cell, microtubules are 

giving structural integrity while serving as regular and uniform tracks for transport of vesicles 

or organelles; microtubules are growing with their plus end (fast growing end) towards the 

cell periphery while the slow end (or minus end) is oriented towards the cell nucleus. Kinesin 

uses a microtubule track in vivo to progress to specific locations with processive and 

coordinated 8 nm steps, and in vitro with speeds below 1 µm/s, all under the transformation 

of the chemical cycle of adenosine triphosphate (ATP) into mechanical work and towards the 

fast growing end (or plus end) of the microtubule. Our results show that single kinesin inks 

could be written under the chemical hydrolysis of adenosine triphosphate and observed under 

both atomic force and optical microscopy. Upon extending inks functionalities, integration of 

soft and hard materials for nanostructure assembly and complex single molecule pattern 

formation is envisioned. (Publication: Hu, Xiao, and Cerasela Zoica Dinu. "Bio-Pen For 

Direct Writing of Single Molecules on User-functionalized Surfaces" in review in Nature 

Communication, 2018) 
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Extending the work from Chapter 1 and 2 into Chapter 3 allowed for us demonstrate 

hierarchical integration of biological components for the construction of the next generation 

of hybrid materials. Specifically, in this chapter, we synthesized a hybrid nanowire  by using 

binding of biological molecules and their recognition processes at interfaces with synthetic 

materials, namely carbon nanodots.  Several strategies attempted to create nanometer-scale 

integrated circuits to be used for optical devices by using closely spaced metallic nanodots as 

a possible solution to reduce energy losses at interfaces. However, such strategies do not 

provide the proof of concept that the scaffold-addressable nanodots forming such structures 

are capable to reduce energy losses or advance nanometer-scale implementation of nanowires 

in functional devices. 

We created the next generation of bio-hybrids nanowires through the self-recognition 

and self-assembly properties of the biological molecules responsible for cell structure 

formation. Specifically, using user-synthesized sulfur-doped C-dots templates and tubulin, 

the precursor of microtubules cytoskeletal filaments, we demonstrated the ability to control 

the synthesis and stability of bio-nanowires as well as their conductivity. The physical and 

chemical properties (e.g., composition, morphology, diameter etc.) of such user-synthesized 

bio-hybrids were investigated using atomic and spectroscopic techniques, while the electron 

transfer rate was estimated using peak currents formed during voltammetry scanning. Our 

results demonstrate the ability to create individually hybrid nanowires capable to reduce 

energy losses; such hybrids could be used in the future for the advancement and 

implementation of nanometer-scale functional devices. (Publication: Hu, Xiao, et al. "Protein 

self-assembly onto nanodots leads to formation of conductive bio-based hybrids." Scientific 

Reports 6 (2016): 38252.) 

 

Chapter 4, takes the advantages of biological integration with the non-biological 

framework for hybrid formation to the next level. Specifically, we show that user-synthesized 

hybrid nanowires such as the ones synthesized in Chapter 3 could be manipulated in vitro 

under constant chemical energy of adenosine triphosphate (ATP) and have the potential to be 

implemented in the next generation of synthetic applications from drug delivery to diagnosis 

systems, and photocatalytic to optical devices.  For this, we used kinesin molecular motors 

expressed and isolated in our lab and we demonstrated not only inherent hybrid transport 

activity in vitro but also our ability to implement biological function (through the use of self- 

assembly and biological recognition) to a non-biological material (carbon nanodots) for 



168 
 

creating the next generation smart materials with extended applications as sensorial systems. 

(Publication: Hu, Xiao, et al. "Biological self-assembly and recognition used to synthesize 

and surface guide next generation of hybrid materials." ACS Applied Materials & Interfaces 

10.34 (2018): 28372-28381. )  

 

Lastly, in Chapter 5 we designed the next generation of sensitive biosensors based on 

assembly and integration of the biological components named above to detect single 

molecule targets with nanomolar resolution. Our strategy is based on creating sensitive 

electrodes capable to evaluate and detect molecular assembly formation as refined by 

self-assembly and self-recognition events, all under adenosine triphosphate (ATP) chemical 

energy control. Our analysis demonstrates not only that the proposed kinesin-MT biosensor is 

easy to create, fast, convenient and economic in its design and implementation, but further, 

that is capable to detect single binding and dissociation events. Lab-on-chip integration of 

such biosensor could possibly be used for signal controlling of sensitive and exquisite 

nanoswitches to allow storage or release of single target molecules. (Publication: Hu, Xiao 

and Cerasela Zoica Dinu. Biomolecular interfaces based on self-assembly and 

self-recognition form biosensors capable to record single molecule binding and release. 

Submitted to small)  

 


	Applications of Cellular Components in Engineered Environments
	Recommended Citation

	tmp.1544138935.pdf.oblTq

