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INTRODUCTION 

 Early detection is the key to successful treatment of most diseases and 

is imperative for the treatment of many types of cancer.  The most commonly used 

techniques are imaging modalities such as MRI, PET, and CT. These techniques are 

optimal for understanding the physical structure of a cancer mass and are currently 

used to evaluate the effectiveness of treatment as well. However, they can be 

performed only once every four to six weeks due to the use of imaging agents and 

overall cost.  With this in mind, the development of “point of care” techniques such 

as biosensors, which evaluate the stage of disease and/or efficacy of treatment in 

the clinician’s office in a timely manner, would revolutionize treatment protocols.(1)   

 The strong binding of biotin with avidin was used as a model system 

to simulate bioreceptor-biomarker interaction.  A series of avidin biosensors have 

been developed based on ferrocene biotin bioconjugates.  The synthesis, 

characterization and response to avidin are reported herein. 

 Biosensors are small devices that employ biomolecular recognition 

technology as the platform for selective analysis and are utilized for their specificity, 

speed, and low-cost.  Electrochemical biosensors for the detection of biomolecules 

are at the forefront of this field due to their simplicity, cost effectiveness, and high 

sensitivity.(1, 2) The general anatomy of these sensors is an electrode equipped 

with a recognition molecule specific for the biological marker of interest.  Binding of 

the biomarker by the recognition molecule results in a local change of potential or 

current that can be detected by simple measurement. The best known examples of 

such devices are self-test glucose monitors, which have screen printed enzyme 
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electrodes coupled to a pocket-size amperometric meter. Research efforts have 

focused mainly on immunosensors where an immunoglobulin is immobilized with a 

redox active core (such as ferrocene) and used to detect an antibody of interest.  

These studies have been excluded from clinical applications due to poor precision 

and time consumption stemming from the complications arising from use of 

antigen/antibodies.(1, 2)   

 As most biomarkers are not intrinsically electrochemically active, 

redox tags such as ferrocene (see figure 1) are necessary to provide the 

electrochemical detection of biomarkers or small molecules in solution.(3-11)  

 

Figure1.  Structure of Ferrocene 

 Ferrocene is an organometallic molecule that is the gold standard for 

electrochemistry, which makes it an excellent choice for integration into 

electrochemical biosensors. Ferrocene-based redox active species have already 

garnered considerable attention due to their small size, good stability, convenient 

synthetic access, easy chemical modification, relative lipophilicity, and ease of redox 

tuning.(2-15)  Small molecules based on the ferrocene core have been used 

extensively as detectors of metal ions and small molecules.(5-11, 16)  Systems 

targeting larger species such as biomolecules have utilized the attachment of large 

antibodies or immunoglobulins to ferrocene derivatives that have been embedded 

onto an electrochemical surface.(1, 2, 12, 17) In each case, the potential and current 
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intensity of the FeIII/FeII redox couple was altered upon molecular coupling thus 

producing a new spectroscopic handle indicating the presence of the analyte 

molecule.  This change arises from the extensive overlap that occurs between the π-

system of the cyclopentadienyl rings and the ferrocene d-orbitals.  If the π -system is 

modified by derivatization or another reaction, then the orbital interaction will, in 

turn, change.  This will affect the Fe core and can be observed as a shift in the 

potential of the FeIII/FeII couple.(13, 18, 19) These properties make such a system 

attractive for use as a quantifying agent in an electrochemical immunoassay or 

biosensor.  

 

Figure 2.  Bioconjugate structures incorporating ferrocene and biotin 

In this study, a library of ferrocene-biotin conjugates shown in Figure 

2 have been produced by solid phase techniques and serve as model systems for the 

development of biosensors based on low molecular weight derivatives of ferrocene. 

(13, 18, 19) Biotin is a small molecule that is known to bind strongly and specifically 

to avidin and has been used extensively in a number applications such as electron 

microscopy, immunohistochemistry, enzyme-linked immunoassay, and DNA 

hybridization.(17)  Thus, these ferrocene bioconjugates serve as model systems to 

exemplify that low molecular weight derivatives of ferrocene are also capable of 
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producing similar shifts in potential and current upon interaction with a desired 

biomarker.  Such systems have the advantage of being fully characterized, stable and 

produced in larger quantities than derivatives utilizing more sizeable proteins or 

immunoglobulins. (13, 16, 17, 20)  This work focuses on the synthesis and 

spectroscopic characterization of this library in addition to the electrochemical 

characterization with and without avidin and provide the first example of such 

simple systems providing detection of larger biological molecules. 

MATERIALS AND METHODS 

General Procedures 

 Standard Merrifield techniques were employed for all bioconjugate 

syntheses using plastic-fritted syringes (10 mL) as reaction vessels to facilitate the 

multiple additions and removal of reagents and wash solvents. An automated shaker 

was employed to gently mix the solid phase and reagents. The ninhydrin test kit 

(Kaiser test) purchased from Fluka Analytical was utilized to test for successful 

coupling or free amines following deprotection steps.  Avidin, egg white was 

purchased from EMD Biosciences, Inc.  

 Biotin Novatag Resin was purchased from Novabiochem Chemical 

Company (0.55 mmol/g loading) and TentaGel S RAM Fmoc Resin was purchased 

from Creo Salus Chemical Company (0.25mmol/g).  1’-Bocamino-ferrocene 

carboxylic acid was purchased from Chess Chemical Company, 1’-Fmoc-amino-

ferrocene carboxylic acid was purchased from Omm Scientific and 

ferrocenecarboxylic acid was purchased from Sigma Aldrich. Fmoc-Lys(biotin)-OH 

and Fmoc-Lys(biotinyl-e-aminocaproyl)-OH were purchased from Novabiochem 
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Chemical Company. All other reagents were purchased from commercial sources 

and used as received unless noted.  All derivatives (1-6) were air stable but stored 

at 4C to avoid slow decomposition which was observed after several weeks.          

Physical Methods  

 A Varian Mercury 300 NMR Spectrometer was utilized to obtain the 

NMR spectra in deuterated methanol as specified in the sections below.  Reported 

values for 13C NMR may be only partial spectra obtained.  UV-Vis spectra were 

collected on an Agilent 8453 UV-Vis using quartz cells, and infrared spectra were 

obtained using a Midac Corporation FT- Infrared Spectrometer.  HPLC 

chromatograms were obtained using a C8 reversed phase column with 100% MeOH 

on an Agilent 1100 series instrument, which was coupled to Bruker Daltonics 

Esquire 6000 ESI-MS.  HR-MS was performed using The Agilent 6224 Accurate-Mass 

Time-Of-Flight (TOF) MS.  

 Cyclic voltammograms were acquired at room temperature using a 

BASi-C3 potentiostat equipped with a 3.0 mm glassy carbon working electrode, a 

platinum wire auxiliary electrode, and Ag/AgCl reference electrode.  Measurements 

were performed under a blanket of nitrogen in 0.01 M phosphate buffer (pH = 7.4) 

with NaCl (400 mg, 0.684 M) as supporting electrolyte. The bioconjugates were 

dissolved in a stock solution of PBS buffer and electrolyte and allowed to stir 

overnight.  Aliquots of 10mL of these solutions were used to obtain cyclic 

voltammograms.  Square wave voltammograms were obtained using the same 

conditions as above.   
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 Biotin-Avidin Interaction was verified by using a Fluorescence Biotin 

Quantitation Kit from Thermo Scientific and the provided protocol was followed.  

Synthesis of 1   

 Biotin Novatag Resin (250 mg, 0.1375 mmol) was loaded into a fritted 

syringe and allowed to swell with dimethylformamide (5 mL x 10 min. x 2).  The 

Fmoc protecting group was then removed by the addition of 4-6 mL of 20% 

piperidine in DMF to the syringe followed by 10-15 minutes of shaking.  The 

deprotection with piperidine was repeated and followed by a sequence of washes (3 

dimethylformamide, 3 dimethylformamide:methanol, 3 methanol:dichloromethane, 

3 dichloromethane, 5 mL each). The ninhydrin test confirmed successful 

deprotection.  A solution composed of ferrocene carboxylic acid (94.9 mg, 0.4125 

mmol), 1-hydroxybenzotriazole hydrate (55.7 mg, 0.4125 mmol), diisopropyl 

carbodiimide (0.0639 mL, 0.4125 mmol), diisopropyl ethyl amine (0.6963 mL, 

0.4125 mmol), and a 4:1 mixture of dichloromethane and dimethylformamide was 

added to the syringe and gently agitated for 6 hours. The solution was then expelled, 

which resulted in red-brown beads. The washing sequence described above was 

repeated. Compound 1 was then cleaved from the resin through the addition of TFA 

(9.45 mL), water (0.25 mL), 1,2 ethanedithiol (0.25 mL), and triisopropyl silane (0.1 

mL) to the syringe followed by 4 hours of shaking.  (Caution: TFA can cause severe 

skin burns and is harmful to the eyes.  Use proper personal protection equipment 

when in use.) The resulting red-brown solution was collected in an Eppendorf tube 

and the TFA was evaporated slowly under a stream of air in a well-ventilated fume 

hood.  Compound 1 was obtained as a precipitate after gentle agitation in cold 
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diethyl ether (~15 mL).  The product was isolated via centrifugation. Repeated 

cycles of ether washings and centrifuge resulted in a light yellow solid. Yield (based 

on resin loading):  60.5 mg (89%).  Anal. Calcd (Found) for C23H30FeN4O3STFA: C, 

49.03 (50.30); H, 5.10 (5.40); N, 9.15 (9.57).  1H NMR spectrum (CD3OD)  /ppm: 

1.172 (t, 2H), 1.382 (p, 2H), 1.585 (p, 2H), 2.193 (q, 2H), 2.626; 2.658 (dd, 2H), 

2.848; 2.892 (dd, 2H), 3.342 (d, 2H), 3.443 (q, 1H), 4.084 (s), 4.249 (s), 4.343 (s), 

4.431 (s), 4.502 (s), 4.705 (s). 13C NMR spectrum (CD3OD)  /ppm: 52.0 (COOCH3), 

71.8 (Cp-ring), 72.9 (Cp-ring).  IR spectrum (KBr pellet) max/cm-1: 1136.9 s, 1199.9 

s, 1388.4 s, 1449.2 s, 1540.3 s, 1645.0 s, 1683.5 s, 2358.2 s, 2928.6 s, 3381.2 s. HPLC: 

(100% MeOH) Retention time; 1.648 min. ESI-MS (m/z): Found: 521.0 [1+Na]+, 

Theoretical:  521.1 [1+Na]+. HR-MS (m/z): Found: 499.1748 [1+H]+, Theoretical: 

499.1466 [1+H]+. Absorption spectrum (MeOH):  max ( , M-1 cm-1) 264 (2,957), 307 

(672), 350 (216), 443 (146). 

Synthesis of 2 

 Identical procedures and equivalents were used to produce 2 using 1’-

Fmoc-amino-ferrocene carboxylic acid (284.8 mg, 0.8250 mmol) and Biotin Novatag 

Resin (500 mg, 0.275 mmol). Compound 2 was isolated by cleavage from the resin 

resulting in a dark red-brown solid. Yield (based on resin loading):  112.0 mg (80%).  

1H NMR spectrum (CD3CD)  /ppm: 1.119 (t, 2H), 1.382 (p, 2H), 1.585 (p, 2H), 2.193 

(q, 2H), 2.626; 2.658 (dd, 2H), 2.848; 2.892 (dd, 2H), 3.342 (d, 2H), 3.443 (q, 1H), 

4.084 (s), 4.249 (s), 4.343 (s), 4.431 (s), 4.502 (s), 4.705 (s). 13C NMR spectrum 

(CD3OD)  /ppm: 52.0 (COOCH3), 71.8 (Cp-ring), 72.9 (Cp-ring).  IR spectrum (KBr 

pellet) max/cm-1: 1138.9 s, 1201.6 s, 1384.3 s, 1456.8 s, 1540.5 s, 1551.9 s, 1645.4 s, 
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1679.7 s, 2335.3, 2354.4 s, 2852.6 s, 2924.8 s, 3457.5 s. HPLC: Retention time; 1.56 

min. ESI-MS (m/z): Found: 536.0 [2+Na]+, Theoretical:  536.1 [2+Na]+. HR-MS 

(m/z): Found: 514.1748 [2+H]+ Theoretical: 514.1575 [2+H]+. 

 

Figure 3.  Methodology employed in the synthesis of 1 and 2,  (I = ferrocenecarboxylic acid, II = 1’-

Fmoc-amino-ferrocene carboxylic acid). 

Synthesis of 3 

 TentaGel S RAM Fmoc Resin (300 mg, 0.075 mmol) was loaded into a 

syringe and allowed to swell with dimethylformamide (5 mL x 2).  The Fmoc 

protecting group was removed using 20% piperidine in DMF and washed as 

described in the synthesis of 1.  The ninhydrin test confirmed successful 

deprotection.  A solution composed of Fmoc-Lys(biotin)-OH (133.8 mg, 0.225 

mmol), 1-hydroxybenzotriazole hydrate (30.4 mg, 0.225 mmol), diisopropyl 

carbodiimide (0.0348 mL, 0.225 mmol), diisopropyl ethyl amine (0.0392 mL, 0.225 

mmol), and a 4:1 mixture of dichloromethane and dimethylformamide was added to 

the syringe and gently shaken for 6 hours. The solution was then expelled, which 

resulted in off-white beads. The resin was then washed using the same procedure as 

above, and a ninhydrin test confirmed the presence of a protected amine. Two 4-6 

mL portions of 20% piperidine in DMF were used to deprotect the compound. A 

solution containing ferrocene carboxylic acid (51.8 mg, 0.225 mmol), 1-

hydroxybenzotriazole hydrate (30.4 mg, 0.225 mmol), diisopropyl carbodiimide 



9 
 

(0.0348 mL, 0.225 mmol), diisopropyl ethyl amine (0.0392 mL, 0.225 mmol), and a 

4:1 mixture of dichloromethane and dimethylformamide was added to the syringe 

and gently shaken for 6 hours.  The solution was then expelled and washed as 

previously described.  Compound 3 was isolated by cleavage from the resin upon 

addition of TFA (9.45 mL), water (0.25 mL), 1,2 ethanedithiol (0.25 mL), and 

triisopropyl silane (0.1 mL) and 4 hours of shaking.  The resulting red-brown 

solution was collected in Eppendorf tubes and the TFA was evaporated slowly under 

a stream of air.  Cold diethyl ether was then used to precipitate 3, which formed 

with gentle agitation.  The product was isolated via centrifugation. Repeated cycles 

of ether washings and centrifuge resulted in a light yellow solid. Yield (based on 

resin loading):  48.5 mg (92%).  Anal. Calcd (Found) for C27H37FeN5O4STFA: C, 

49.93 (49.94); H, 5.49 (5.90); N, 10.04 (9.55).  1H NMR spectrum (CD3CD)  /ppm: 

1.119 (t, 2H), 1.382 (p, 2H), 1.585 (p, 2H), 2.193 (q, 2H), 2.626; 2.658 (dd, 2H), 

2.848; 2.892 (dd, 2H), 3.342 (d, 2H), 3.443 (q, 1H), 4.084 (s), 4.249 (s), 4.343 (s), 

4.431 (s), 4.502 (s), 4.705 (s). IR spectrum (KBr pellet) max/cm-1: 1132.3 s, 1199.4 s, 

1457.7 s, 1539.2 s, 1648.8 s, 1683.5 s, 2926.1 s, 3450.1 s. HPLC: (C8 reversed phase 

column, 100% MeOH) Retention time; 1.5-2.2 min. ESI-MS (m/z): Found: 607.0 

[3+Na]+ (100%), Theoretical: 607.2 [3+Na]+. HR-MS (m/z): Found: 585.1994 [3+H]+ 

(100%), Theoretical: 585.2072 [3+H]+. Absorption spectrum (MeOH):  max ( , M-1 

cm-1) 264 (4,640.8), 307 (2133.2), 350 (673.02), 443 (464.03). 

Synthesis of 4 

 Identical procedures and equivalents were used to produce 4 using 

TentaGel S RAM Fmoc Resin (300 mg, 0.075 mmol), Fmoc-Lys(biotinyl-e-
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aminocaproyl)-OH (159.3 mg, 0.225 mmol),  ferrocene carboxylic acid (51.8 mg, 

0.225 mmol). Compound 4 was isolated by cleavage from the resin resulting in a 

light yellow solid. Yield (based on resin loading):  48.5 mg (78%).  1H NMR spectrum 

(CD3CD)  /ppm: 1.119 (t, 2H), 1.382 (p, 2H), 1.585 (p, 2H), 2.193 (q, 2H), 2.626; 

2.658 (dd, 2H), 2.848; 2.892 (dd, 2H), 3.342 (d, 2H), 3.443 (q, 1H), 4.084 (s), 4.249 

(s), 4.343 (s), 4.431 (s), 4.502 (s), 4.705 (s). 13C NMR spectrum (CD3OD)  /ppm: 

52.0 (COOCH3), 71.8 (Cp-ring), 72.9 (Cp-ring).  IR spectrum (KBr pellet) max/cm-1: 

1138.9 s, 1201.6 s, 1384.3 s, 1456.8 s, 1540.5 s, 1551.9 s, 1645.4 s, 1679.7 s, 2335.3, 

2354.4 s, 2852.6 s, 2924.8 s, 3457.5 s. HPLC: (C18 reversed phase column, 100% 

MeOH) Retention time; multiple peaks within the range of 1.593-2.094 min. ESI-MS 

(m/z): Found: 720.1 [4+Na]+, Theoretical:  720.3 [4+Na]+. HR-MS (m/z): Found: 

698.2834 [4+H]+ Theoretical: 698.2913 [4+H]+.  Absorption spectrum (MeOH):  max 

( , M-1 cm-1) 264 (3,907.2), 307 (839.5), 350 (268.7), 443 (179.6). 

Synthesis of 5  

 Biotin Novatag Resin (250 mg, 0.1450 mmol) was loaded into a fritted 

syringe and allowed to swell with dimethylformamide (5 mL x 10 min. x 2).  The 

Fmoc protecting group was then removed by the addition of 4-6 mL of 20% 

piperidine in DMF to the syringe followed by 10-15 minutes of shaking.  The 

deprotection with piperidine was repeated and followed by a sequence of washes (3 

dimethylformamide, 3 dimethylformamide:methanol, 3 methanol:dichloromethane, 

3 dichloromethane, 5 mL each). The ninhydrin test confirmed successful 

deprotection.  A solution composed of 1’-Fmocamino-ferrocene-1-carboxylic acid 

(203.3 mg, 0.4350 mmol), 1-hydroxybenzotriazole hydrate (58.8 mg, 0.4125 mmol), 
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diisopropyl carbodiimide (0.0673 mL, 0.4350 mmol), diisopropyl ethyl amine 

(0.0757 mL, 0.4350 mmol), and a 4:1 mixture of dichloromethane and 

dimethylformamide was added to the syringe and gently agitated for 6 hours. The 

solution was then expelled, which resulted in red-brown beads.  The resin was then 

washed using the same procedure above, and deprotected with 20% piperidine in 

DMF as above.  The resin was washed again, and a ninhydrin test confirmed 

successful deprotection.  A solution composed of Fmoc-Cys(Trt)-OH (254.8 mg, 

0.4350 mmol), 1-hydroxybenzotriazole hydrate (58.8 mg, 0.4125 mmol), 

diisopropyl carbodiimide (0.0673 mL, 0.4350 mmol), diisopropyl ethyl amine 

(0.0757 mL, 0.4350 mmol), and a 4:1 mixture of dichloromethane and 

dimethylformamide was added to the syringe and gently agitated for 6 hours. The 

solution was then expelled and washed as previously described.  Compound 5 was 

then cleaved from the resin through the addition of TFA (9.45 mL), water (0.25 mL), 

1,2 ethanedithiol (0.25 mL), and triisopropyl silane (0.1 mL) to the syringe followed 

by 4 hours of shaking.  (Caution: TFA can cause severe skin burns and is harmful to 

the eyes.  Use proper personal protection equipment when in use.) The resulting 

red-brown solution was collected in an Eppendorf tube and the TFA was evaporated 

slowly under a stream of air in a well-ventilated fume hood.  Compound 5 was 

obtained as a precipitate after gentle agitation in cold diethyl ether (~15 mL).  The 

product was isolated via centrifugation. Repeated cycles of ether washings and 

centrifuge resulted in a red/brown solid.  Yield (based on resin loading): 105.1mg 

(68%).  Anal. Calcd (Found) for C26H36FeN6O4S24TFA: C, 38.07 (38.90); H, 3.76 

(4.20); N, 7.83 (7.70). 1H NMR spectrum (CD3OD) δ/ppm: 1.407-1.684 (m, 6H), 
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2.245 (t, 2H), 2.665-3.150 (m, 12H), 4.015 (t, 1H), 4.104 (d, 2H), 4.274 (q, 1H), 4.426 

(d, 2H), 4.479 (q, 1H), 4.595 (t, 1H).  13C NMR spectrum (CD3OD) δ/ppm: 24.644 

(CH2), 25.472 (CH2), 28.051(CH2), 28.300 (CH2), 35.474 (CH2), 38.698 (CH2), 39.241 

(CH2), 39.717 (CH2), 47.660 (MeOH), 55.340/55.538 (Cp-ring), 60.286 (CH), 61.964 

(CH), 62.521/62.821 (Cp-ring), 66.038/66.170 (Cp-ring), 69.153/69.328 (Cp-ring), 

71.468/71.593 (Cp-ring), 76.466 (CH), 95.726 (TFA), 165.227 (TFA), 171.770 (C=O), 

175.361 (C=O). HPLC: (C8 reversed phase column, 100% MeOH at 0.5mL/min) 

Retention time: 3.198-4.674 min. (multiple peaks confirmed through elemental 

analysis to be TFA salts of 5). ESI-MS (m/z): Found: 639.00 [5+Na]+ (100%), 

Theoretical: 639.1 [5+Na]+.  HR-MS (m/z): Found: 617.2049 [5+H]+ , Theoretical: 

617.1622 [5+H]+.  Absorption spectrum (H2O):  max ( , M-1 cm-1) 268 (4,779.8), 434 

(324.26)  

Figure 4.  Proton NMR spectra of compound 5 
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Synthesis of 6 

  Identical procedures and equivalents utilized for 5 were used to 

produce 6 using Biotin Novatag Resin (250 mg, 0.1450 mmol), 1’-Fmocamino-

ferrocene-1-carboxylic acid (203.3 mg, 0.4350 mmol), and (±)-α-Lipoic acid 

(89.75mg, 0.1450mmol).  Compound 6 was isolated by cleavage from the resin 

resulting in a red/brown solid.  Yield (based on resin loading): 102.9mg (76%).  

Anal. Calcd (Found) for C31H43FeN5O4S32TFA: C, 45.21 (44.72); H, 4.88 (4.71); N, 

7.53 (7.35).  1H NMR spectrum (CD3OD) δ/ppm: 1.426-1.677 (m, 16H), 2.278 (m, 

5H), 2.685 (t, 2H), 2.901 (q, 3H), 3.163 (m, 2H), 4.038 (d, 2H), 4.269 (q, 1H), 4.371 

(d, 2H), 4.461 (q, 1H), 4.600 (d, 2H), 4.701 (d, 2H).  13C NMR spectrum (CD3OD) 

δ/ppm: 21.383 (CH2), 25.215/25.450 (CH2), 26.366 (CH2), 28.044/28.330 (CH2), 

28.601 (CH2), 34.404 (CH2), 35.526 (CH2), 36.104/36.185 (CH2), 37.988 (CH2), 

38.435/38.728 (CH2), 38.889/39.270 (CH2), 39.724/39.959 (CH), 41.183 (CH2), 

42.875 (CH2), 47.631 (MeOH), 55.545/56.197 (Cp-ring), 60.323 (CH), 61.986 (CH), 

62.360/62.426 (Cp-ring), 65.804/65.840 (Cp-ring), 68.955/69.079 (Cp-ring), 

71.388 (Cp-ring), 76.378 (CH), 95.870 (TFA), 172.012 (C=O), 173.141 (C=O), 

175.200 (C=O). HPLC: (C8 reversed phase column, 100% MeOH @ 0.5mL/min) 

Retention time:  3.190 min.  ESI-MS (m/z): Found: 702.0 [6+H] +, Theoretical: 702.2 

[6+H] +, 724.0 [6+Na]+, Theoretical: 724.2 [6+Na]+, 726.0  [6+2H+Na]+, Theoretical: 

726.2 [6+2H+Na]+.  HR-MS (m/z): Found:  704.2194 [6+2H+Na]+, Theoretical: 

704.2017 [6+2H+Na]+.  Isotopic pattern seems to be a mix of peaks for disulfide and 

dithiolate forms of the product (See fig. 5).  Absorption spectrum (H2O/ CH3CN): 

 max ( , M-1 cm-1) 268 (4,471.4), 434 (311.17) 
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Figure 5.  Analysis of the MS data obtained for 6.  (a) Experimental results, (b) calculated MS 

spectrum of 6 (disulfide, top) and the reduced form (dithiolate, bottom), (c) theoretical overall of 

these species. 

 

 

Figure 6.  Synthetic methods used to produce 5 and 6.  (II = 1’-Fmoc-amino-ferrocene carboxylic 

acid) 

 

 

a) 
Experim
ental 

 

c) Theoretical 
Overlay 

a b 

c 



15 
 

RESULTS AND DISCUSSION 

 

 

 Figure 7.  Library of Ferrocene-Biotin Bioconjugates 

Bioconjugate Synthesis 

 A library composed of six ferrocene biotin bioconjugates was 

produced using solid phase peptide synthesis techniques. The reactions were 

carried out in a fritted syringe containing the resin-beads.  Reagent solutions were 

pulled into the syringe barrel via a needle and allowed to react while agitated on a 

shaker.  Briefly, these bioconjugates shown in Figure 7 were produced by first 

obtaining a resin-immobilized biotin core.  Linkers of a variety of distances were 

then attached via amide bond formation followed by immobilization of the 

ferrocene moiety to produce resin-bound compounds 1-4.  A marked change in 

resin color from light yellow to orange was observed in the later step indicating 

successful ferrocene attachment. 
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Figure 8.   Fritted syringe and resin employed in solid phase synthesis techniques 

 To avoid side reactions, the Fmoc-protected derivative of 1’-amino-

ferrocene carboxylic acid and ferrocene carboxylic acid were coupled to resin bound 

biotin using solid phase methodologies first developed by Merrifield and applied to 

ferrocene by Metzler-Nolte.(21-25)  Finally, thiolate derivatives 5 and 6 could be 

produced using coupling methods.  The compounds were then cleaved from the 

resin and isolated as orange-solids.      

 Synthesis of asymmetric ferrocene derivatives is challenged by side 

reactions and the formation of dimeric and polymeric species formed upon 

intermolecular cross-linking.(26) However, coupling chemistry producing an amide 

bond is the most direct route to provide simple derivatives of ferrocene involving 

biological components such as peptides and their metabolites.  Attempts to produce 

the derivatives shown in Figure 7 using biotin and 1’-Fmoc-amino-ferrocene 

carboxylic acid in solution resulted in low yields of the desired product (>20%).  

Likewise, reactions utilizing 1’-amino-ferrocene carboxylic acid (sans Fmoc) and 

resin bound biotin resulted in insoluble product consistent with the polymerized 

product reported by Baristic et al. and minimal product.(26)   We observed 

dimerization of the ferrocene starting material as evidenced by HPLC and MS 

analysis.  However this reactivity can be circumvented using solid phase methods.   
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 The first phase of synthesis to produce the library of ferrocene 

containing biotin bioconjugates entailed obtaining an immobilized biotin core onto a 

solid-state resin using an amine-based linker.  The N-Biotin-N’-Fmoc-

ethylenediamine resin can be purchased commercially as the Biotin NovaTag Resin 

and was used as the foundation of bioconjugates 1-2 and 5 and 6.    Bioconjugates 3 

and 4 are comprised of longer amino-alkanes linking the biotin to the ferrocene 

center.  As such, Fmoc-Lys(biotin)-OH and Fmoc-Lys(biotinyl-e-aminocaproyl)-OH, 

respectively, were coupled to the amine terminus of TentaGel S RAM resin beads 

using a coupling cocktail of HOBt, DIC, and DIPEA.  Successful coupling was 

supported by a negative ninhydrin test.  The Fmoc-amino protecting groups were 

removed using a 20% solution of piperidine in DMF and a positive (blue) ninhydrin 

test confirmed successful deprotection. 

 The free amine of the resin-bound biotin compounds was then used to 

anchor ferrocene using the coupling cocktail described above which largely 

resembles methods described by Metzler-Nolte.(13, 19)  A variety of ferrocene 

precursors are available for such purposes and include ferrocene carboxylic acid 

and 1’-Fmoc-amino-ferrocene carboxylic acid.  Use of the former system yields 

monosubstituted bioconjugates 1, 3-4 having only one of the cyclopentadienyl rings 

modified with a biotin appendage.  The latter ferrocene derivative is comprised of 

orthogonal substitution of the cyclopentadienyl rings with a carboxylic acid and an 

Fmoc-protected amino group.  This substitution allows for extended asymmetric 

modification of the ferrocene core allowing for separate modification of the 

cyclopentadienyl rings to produce bioconjugates such as 2, 5-6.  The light yellow 
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beads changed into a bright orange hue upon successful coupling of the ferrocene to 

the biotin-resin core.  The shades were largely dependent upon the ferrocene 

starting material and biotin linker utilized.  The color persisted after multiple 

washings with dichloromethane, methanol and dimethylformamide.  Moreover, 

incubation of the ferrocene carboxylic acid and 1’-Fmoc-amino-ferrocene carboxylic 

acid with TentaGel S Ram Fmoc resin resulted in no color change indicating that 

covalent amide bond formation was responsible for the color change as opposed to 

adsorption which has been noted with some metal-containing solutions.(27)  

Comparable results were obtained with the 1’-Boc-amino-ferrocene carboxylic acid 

but are not discussed further herein.  Modification of the amide portion of 2 with 

thiolate containing moieties proceeded by reaction of resin bound 2 with Fmoc-

Cys(Mmt)-OH or lipoic acid.  Ninhydrin testing was still useful for inspecting 

successful coupling despite the deep orange hue of the resin beads. 

 Resin-bound bioconjugates were removed from the solid support by 

cleavage of the bio-organometallic systems using a solution of TFA, water and 

triisopropyl silane.  Evaporation of the acid solution and addition of cold diethyl 

ether yielded the bioconjugates as orange solids as TFA salts as confirmed by the 

elemental analysis of each compound.  The compounds were found to be soluble in 

aqueous solution as well as organic solvents such as alcohols, dichloromethane, 

acetonitrile, and dimethylformamide with the exception of compounds 3 and 6 

which were only slightly soluble in acetonitrile and methanol.  Bioconjugates 1-6 

were characterized by 1H and 13C NMR, IR and UV-Vis.  HPLC-MS showed the major 

products to be [M+H]+ and/or [M+Na]+ with retention times between 1.5-2.0 
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minutes (100% methanol).  High Resolution mass spectrometry was also used to 

confirm the identity of the compounds and yielded the [M+H]+ or [M+Na]+ ions 

consistently for 1-5.  Interestingly the HR-MS data revealed that the dithiolate bond 

of 6 was reduced to some extent in the MS experiment as shown in Figure 5.  The 

experimental isotopic envelope observed is a combination of the disulfide 6 and the 

reduced form (6-(SH)2)  with two additional mass units.  No evidence for this later 

species was observed in NMR or HPLC which showed only one species identified as 

6. 

Electrochemical Studies 

 The electrochemical response of the ferrocene-bioconjugates 1-3 and 

5 was first established using phosphate buffered solution with a carbon working 

electrode, Pt auxiliary electrode and an Ag/AgCl reference electrode.  Table 1 lists 

the data obtained for the FeIII/FeII based redox chemistry observed for these 

systems.  The electrochemical responses of 1 and 3 are each centered around a 

potential of +420 mV indicating that the linkers between the biotin and ferrocene, 1 

= ethylenediamine; 2 = lysine, provide very little perturbation of the environment 

surround the iron center.  This is further supported by a nearly identical separation 

of oxidation and reduction events, ∆E = 72, 69.5 mV,  as well as Ipc/Ipa = 0.76 and 

0.73 for 1 and 3 respectively.  These values classify the redox behavior of these 

systems as quasi-reversible, where reversible: ∆E = 59 mV,  Ipc/Ipa = 1. 

Interestingly, the potential of 2 is shifted to a more negative potential (129 mV), 

compared to the other library bioconjugates, presumably due to the addition of the 

electron donating amine component on the adjacent cyclopentadiene ring of the 
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ferrocene moiety.  The separation of the oxidation and reduction potentials, ∆E = 

243 mV, is much greater than that observed for the mono-substituted systems as 

well while the current ratio response (Ipc/Ipa = 0.83) was similar to the systems 

described above.  However, the functionalization of this amino component with 

cysteine (bioconjugate 5) results in a shift back to the range observed for 1 and 3.  

These results show the drastic effects of substitution of the cyclopentadienyl rings 

in relation to the sensitivity and dependence for the position of the FeIII/FeII redox 

couple.   

 The redox signal for 1, 3 and 5 are robust to multiple voltammetry 

cycles.  However, the redox couple of bioconjugate 2 shifted to more positive 

potentials and decreased in intensity with each successive redox cycle.  Cleaning of 

the electrode could not regenerate the original scan indicating that the entire 

sample was compromised.  A fresh sample yielded identical results.  This behavior 

is attributed to 2 having the reactive free-amine component, which the other 

systems lack. Attempts to identify the decomposition product(s) were unsuccessful.  

Poor solubility of 4 and 6 in phosphate buffer prevented electrochemical analysis 

comparable to the other compounds.  In fact, these compounds proved to be readily 

soluble in DMF only and the FeIII/FeII couple proved to be outside the solvent 

window.   

Avidin Binding Studies 

 The interaction of avidin with the ferrocene bioconjugates was then 

investigated to characterize the electrochemical changes accompanying avidin-

biotin conjugation.  To maintain continuity in bioconjugate concentration 
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throughout the series of experiments reported below a stock solution of the bio-

conjugate was divided for use in each separate avidin experiment.  Addition of 

avidin at various concentrations to a buffered solution of 1,3 or 5 followed by 30 

minutes of stirring under nitrogen resulted in the cyclic voltammograms 

exemplified in Figures 9 and 14.   

 

 

 
1 1 + 15 µM 1 + 30 µM 1 + 45 µM 

Epc (mV) 384 386 388 386 
Epa (mV) 456 456.5 458 456 
Ipc (uA) 23.199 19.058 18.289 19.269 
Ipa (uA) 30.46 25.656 24.954 25.369 
Ipc/Ipa 0.761 0.904 0.732 0.759 

 72 70.5 70 70 
E1/2 420 421.25 423 421 

 
Table 1.  Electrochemical data provided by 1 and 1 + avidin at various concentrations. 

 
 
 
 
 

 

  3 3 + 15 µM 3 + 30 µM 3 + 45 µM 3 + 60 µM 3 + 75 µM 

Epc (mV) 386 386 384 383.5 384 374.5 

Epa (mV) 455.5 455.5 458 459 459.5 469 

Ipc (uA) 16.083 15.494 14.755 13.891 13.336 11.139 

Ipa (uA) 22.159 21.130 21.695 20.624 19.815 19.476 

Ipc/Ipa 0.725 0.733 0.680 0.673 0.673 0.571 

 69.5 69.5 85.5 75.5 75.5 94.5 

E1/2 420.75 420.75 426.75 421.25 421.75 421.75 
 

Table 2.  Electrochemical data provided by 3 and 3 + avidin at various concentrations. 
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Table 3.  Electrochemical data provided by 5 and 5 + avidin at various concentrations. 

 

 Bioconjugate 5 showed the most pronounced response to avidin of 

all the compounds studied.  This is represented in Figure 9 which shows the 

electrochemical signal of 5 in buffered solution with and without avidin.  

Parameters of interest are also tabulated in Table 3.  Changes in current intensity 

were observed with increasing concentration of avidin from 15 - 60 µM.  This is 

consistent with individual avidin proteins binding to multiple bioconjugates and 

decreasing the respective rates of diffusion to the electrode surface thus resulting 

in a decrease in current.  Little change was observed in the 45 to 60 µM step 

indicating that it is not excess avidin in solution, but rather the avidin interacting 

with the biotin containing bioconjugate producing the current change.  The Ipc 

reduction value was not entirely congruent with the Ipa increase observed although 

both followed a linear trend.  On average the Ipc value decreased by 65% with each 

10 µM increase up to 45 µM.  In slight contrast the Ipa values changed an average of 

75% with each 15 µM avidin increment up to 45 µM.  Potential changes, albeit less 

 5 5 + 15 µM 5 + 30 µM 5 + 45 µM 5 + 60 µM 

Epc (mV) 336 334 326 322 ~321 

Epa (mV) 406 417 423 417 ~424 

Ipc (uA) 2.74 1.58 1.03 0.867 ~0.462 

Ipa (uA) 4.55 2.93 2.36 2.12 ~1.39 

Ipc/ Ipa 0.602 0.539 0.436 0.409 0.332 

∆E (mV) 70 83 97 95 103 

E1/2 371 376 375 370 373 
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exaggerated, were produced when 5 was incubated with avidin as well.  The E1/2 

values showed little to no change with increasing avidin as the magnitude of 

change in oxidation (+) and reduction (-) potentials was largely equal to one 

another.  Rather, the overall ∆E, or the separation in the reduction and oxidation 

based events increased ~10 mV with increasing avidin in solution. 

  

 

 

 

Figure 9.  CV overlay of the FeIII/II couple of 5 (1.6 mM) and 5 + avidin at various concentrations 
using PBS Buffer (pH=7.4) as solvent at a scan rate of 100 mV/s, and a Ag/AgCl reference electrode, 
0.684 M NaCl electrolyte, and a glassy-carbon electrode. 
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Figure 10.  Plot of the % decrease in Ipa (µA) with respect to increasing concentrations of avidin in 
the presence of 5 (.93 mM). 

 

 

 

 

 

 

Figure 11.  Plot of the % decrease in Ipc (µA) compared to increasing concentrations of avidin in the 

presence of 5 (.93 mM). 
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Figure 12.  Square wave voltammetry of 5 (0.93 mM)  in the presence of micromolar concentrations 

of avidin.  The inset shows the linear correlation of the current response to avidin. 

 

 

 

Figure 13.  Square wave voltammetry of 5 (0.93 mM) in the absence and presence of avidin (152 

nM – 7.6 µM).  The inset shows the linear correlation of the current response to avidin. 
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 A change in current intensity upon avidin addition was also observed 

with 1 and 3, though much less pronounced (Figure 14, and tables 1 and 2).    The 

change in the position of the reduction and oxidation events which was observed 

with 5 was also less pronounced when 1 and 3 were incubated with avidin.  Only 

slight changes, ~1-2 mV, were observable under the conditions used.  These results 

indicate that asymmetric substitution of the ferrocene cyclopentadienyl rings 

produces an iron ion with greater electronic sensitivity to its environment.  With all 

systems studied, 1,3 or 5, repetitive sweeping cycles of bioconjugate with avidin in 

solution resulted in a decrease in current intensity, but the original signal can be 

regenerated by cleaning the electrode. This indicates deposition of an avidin based 

species to the electrode surface as such reactivity was not observed with 1,3 or 5 in 

solution alone.   

 
Figure 14. CV overlay of the FeIII/II couple of 3 (3.9 mM) and 3 + avidin at various concentrations 
using PBS Buffer (pH=7.4) as solvent at a scan rate of 100 mV/s, and a Ag/AgCl reference electrode, 
0.684 M NaCl electrolyte, and a glassy-carbon electrode. 
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  Avidin-biotin interaction with bioconjugates of interest was verified 

separately using DyLite, a fluorescent avidin impregnated with HABA in the 

binding site which inhibits fluorescence.  The HABA is easily displaced by biotin.  

Biotin derivatives studied here resulted in an avidin fluorescence signal, which was 

proportional to the concentration of biotin in solution.  The same experiments were 

performed with 2 but we only observed decomposition of this bioconjugate system 

under the conditions described. 

 The observed change in current intensity discussed above was 

attributed to the interaction of biotin-avidin.  The following controls were 

performed to verify this.  First, a sample of water soluble ferrocene sulfonate was 

co-incubated with avidin which resulted in no change in electrochemical signal thus 

supporting our hypothesis that it is the biotin component of the bioconjugates 

interacting with avidin to produce a change in current (results not shown).  Next, 

albumin was used to verify that the change in signal was a product of biotin-avidin 

contact as opposed to protein impeded diffusion of the Ferrocene-bioconjugates to 

the electrode surface.  Albumin was utilized as it is roughly equivalent in size to 

avidin, and is an abundant protein in blood serum (35-55 g/L) where other 

biomolecules of interest for future applications may be located.  As shown in Figure 

15, albumin (75 µM, blue line) did not result in a shift in either the reduction or 

oxidation potentials of 5, but did cause a decrease in current intensity for both 

reduction and oxidation events of 5.  For comparison, Figure 15 also shows a sample 

of 5 incubated with 75 µM of avidin produces a much larger decrease (green line).  

The Ipa change was roughly equivalent with albumin and avidin: ~25% and ~33% 
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respectively. The Ipc change was much greater for avidin than albumin: ~63% 

compared to ~23% for albumin. The large decrease in the reduction potential 

associated with avidin could mean that only a partial CV sweep would be necessary 

for practical application.  Interestingly, the co-incubation of avidin with albumin at 

75 µM each produced a large decrease in Ipc/Ipa likely due to the high concentration 

of large M.W. proteins in solution.  This change was not enhanced greatly even when 

the concentration of albumin was increased to physiological concentrations (Figure 

15, red line).  This shows that application to biological conditions (i.e. serum) will 

need to be calibrated for albumin concentration.  Alternatively, immobilization of 

the sensor component (ex. 5  or 6) should negate this issue.  This is indeed the next 

phase of this work.       

 

 

 

Figure 15.  Overlay of 5 in the presence of avidin and/or albumin at various levels. 
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CONCLUSIONS 

 A new library composed of six ferrocene-biotin bioconjugates has 

been produced and characterized in high yield and purity using solid-phase 

techniques which is an improved methodology compared to solution based 

techniques as established in the ferrocene-peptide work of Metzler-Nolte.(13, 19, 

25)  This methodology has allowed exploration of the biotin-avidin as a model 

system to demonstrate the change in FeIII/II couple upon binding a biological 

molecule of interest.  Remarkably the amino functionalized bioconjugate (2) 

showed instability during the electrochemistry experiments while all other soluble 

system studies were quite robust. A fluorescence assay confirmed the interaction of 

bioconjugates with avidin.  Surprisingly the length of the linker did not greatly 

affect the extent of the avidin induced FeIII/II redox potential shift, which is certainly 

an advantage in future biosensor design.  Overall this work lays the foundation for 

targeting the development of ferrocene based biosensors for future applications 

directed toward biomarker recognition in the solid-state. 
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ABSTRACT 

 
 Early detection is the key to successful treatment of most diseases and 

is imperative for the treatment of many types of cancer.  The most commonly used 

techniques are imaging modalities such as MRI, PET, and CT and are optimal for 

understanding the physical structure of the disease.   However, these can be  

performed only once every four to six weeks due to the use of imaging agents and 

overall cost.  With this in mind, the development of “point of care” techniques such 

as biosensors, which evaluate the stage of disease and/or efficacy of treatment in 

the clinician’s office in a timely manner, would revolutionize treatment protocols.(1)  

 As a means to developing ferrocene based biosensors, we have 

produced a library of ferrocene-biotin bioconjugates that have been evaluated for a 

change in redox activity in the presence of avidin. We have shown that our 

molecules show an electrochemical response specific for the biomarker of interest, 

in this case avidin.(2)  The next phase of this project is to immobilize the complexes 

on an electrode surface.  This will impart stability, portability, and allow access to 

commercialization.    


