


  
  

SSeennssoorrss  &&  TTrraannssdduucceerrss  
  

Volume 3 
Special Issue 
December 2008  

www.sensorsportal.com  ISSN 1726-5479 

Editor-in-Chief: professor Sergey Y. Yurish, phone: +34 696067716, fax: +34 93 4011989, e-mail: editor@sensorsportal.com 
Guest Editors: Dr. Elena Gaura and Dr. James P. Brusey 

  

Editors for Western Europe 
Meijer, Gerard C.M., Delft University of Technology, The Netherlands 
Ferrari, Vittorio, UUnniivveerrssiittáá  ddii  BBrreesscciiaa,,  IIttaaly 
 
Editors for North America 
Datskos, Panos G., OOaakk  RRiiddggee  NNaattiioonnaall  LLaabboorraattoorryy,,  UUSSAA 
Fabien, J. Josse, Marquette University, USA 
Katz, Evgeny, Clarkson University, USA 

Editor South America 
Costa-Felix, Rodrigo, Inmetro, Brazil 
 
Editor for Eastern Europe 
Sachenko, Anatoly, Ternopil State Economic University, Ukraine 
 
Editor for Asia 
Ohyama, Shinji, Tokyo Institute of Technology, Japan 

 
Editorial Advisory Board 

 
Abdul Rahim, Ruzairi, Universiti Teknologi, Malaysia 
Ahmad, Mohd Noor, Nothern University of Engineering, Malaysia 
Annamalai, Karthigeyan, National Institute of Advanced Industrial Science 

and Technology, Japan 
Arcega, Francisco, University of Zaragoza, Spain 
Arguel, Philippe, CNRS, France 
Ahn, Jae-Pyoung, Korea Institute of Science and Technology, Korea 
Arndt, Michael, Robert Bosch GmbH, Germany 
Ascoli, Giorgio, George Mason University, USA 
Atalay, Selcuk, Inonu University, Turkey 
Atghiaee, Ahmad, University of Tehran, Iran 
Augutis, Vygantas, Kaunas University of Technology, Lithuania 
Avachit, Patil Lalchand, North Maharashtra University, India 
Ayesh, Aladdin, De Montfort University, UK 
Bahreyni, Behraad, University of Manitoba, Canada 
Baoxian, Ye, Zhengzhou University, China 
Barford, Lee, Agilent Laboratories, USA 
Barlingay, Ravindra, RF Arrays Systems, India 
Basu, Sukumar, Jadavpur University, India 
Beck, Stephen, University of Sheffield, UK 
Ben Bouzid, Sihem, Institut National de Recherche Scientifique, Tunisia 
Benachaiba, Chellali, Universitaire de Bechar, Algeria 
Binnie, T. David, Napier University, UK 
Bischoff, Gerlinde, Inst. Analytical Chemistry, Germany 
Bodas, Dhananjay, IMTEK, Germany 
Borges Carval, Nuno, Universidade de Aveiro, Portugal 
Bousbia-Salah, Mounir, University of Annaba, Algeria 
Bouvet, Marcel, CNRS – UPMC, France 
Brudzewski, Kazimierz, Warsaw University of Technology, Poland 
Cai, Chenxin, Nanjing Normal University, China 
Cai, Qingyun, Hunan University, China 
Campanella, Luigi, University La Sapienza, Italy 
Carvalho, Vitor, Minho University, Portugal 
Cecelja, Franjo, Brunel University, London, UK 
Cerda Belmonte, Judith, Imperial College London, UK 
Chakrabarty, Chandan Kumar, Universiti Tenaga Nasional, Malaysia 
Chakravorty, Dipankar, Association for the Cultivation of Science, India 
Changhai, Ru, Harbin Engineering University, China 
Chaudhari, Gajanan, Shri Shivaji Science College, India 
Chen, Jiming, Zhejiang University, China 
Chen, Rongshun, National Tsing Hua University, Taiwan 
Cheng, Kuo-Sheng, National Cheng Kung University, Taiwan 
Chiriac, Horia, National Institute of Research and Development, Romania 
Chowdhuri, Arijit, University of Delhi, India 
Chung, Wen-Yaw, Chung Yuan Christian University, Taiwan 
Corres, Jesus, Universidad Publica de Navarra, Spain 
Cortes, Camilo A., Universidad Nacional de Colombia, Colombia 
Courtois, Christian, Universite de Valenciennes, France 
Cusano, Andrea, University of Sannio, Italy 
D'Amico, Arnaldo, Università di Tor Vergata, Italy 
De Stefano, Luca, Institute for Microelectronics and Microsystem, Italy 
Deshmukh, Kiran, Shri Shivaji Mahavidyalaya, Barshi, India 
Dickert, Franz L., Vienna University, Austria 
Dieguez, Angel, University of Barcelona, Spain 
Dimitropoulos, Panos, University of Thessaly, Greece 
Ding Jian, Ning, Jiangsu University, China 
Djordjevich, Alexandar, City University of Hong Kong, Hong Kong 
Ko, Sang Choon, Electronics and Telecommunications Research Institute, 

Donato, Nicola, University of Messina, Italy 
Donato, Patricio, Universidad de Mar del Plata, Argentina 
Dong, Feng, Tianjin University, China 
Drljaca, Predrag, Instersema Sensoric SA, Switzerland 
Dubey, Venketesh, Bournemouth University, UK 
Enderle, Stefan, University of Ulm and KTB Mechatronics GmbH, 

Germany 
Erdem, Gursan K. Arzum, Ege University, Turkey 
Erkmen, Aydan M., Middle East Technical University, Turkey 
Estelle, Patrice, Insa Rennes, France 
Estrada, Horacio, University of North Carolina, USA 
Faiz, Adil, INSA Lyon, France 
Fericean, Sorin, Balluff GmbH, Germany 
Fernandes, Joana M., University of Porto, Portugal 
Francioso, Luca, CNR-IMM Institute for Microelectronics and 

Microsystems, Italy 
Francis, Laurent, University Catholique de Louvain, Belgium 
Fu, Weiling, South-Western Hospital, Chongqing, China 
Gaura, Elena, Coventry University, UK 
Geng, Yanfeng, China University of Petroleum, China 
Gole, James, Georgia Institute of Technology, USA 
Gong, Hao, National University of Singapore, Singapore 
Gonzalez de la Rosa, Juan Jose, University of Cadiz, Spain 
Granel, Annette, Goteborg University, Sweden 
Graff, Mason, The University of Texas at Arlington, USA 
Guan, Shan, Eastman Kodak, USA 
Guillet, Bruno, University of Caen, France 
Guo, Zhen, New Jersey Institute of Technology, USA 
Gupta, Narendra Kumar, Napier University, UK 
Hadjiloucas, Sillas, The University of Reading, UK 
Hashsham, Syed, Michigan State University, USA 
Hernandez, Alvaro, University of Alcala, Spain 
Hernandez, Wilmar, Universidad Politecnica de Madrid, Spain 
Homentcovschi, Dorel, SUNY Binghamton, USA 
Horstman, Tom, U.S. Automation Group, LLC, USA 
Hsiai, Tzung (John), University of Southern California, USA 
Huang, Jeng-Sheng, Chung Yuan Christian University, Taiwan 
Huang, Star, National Tsing Hua University, Taiwan 
Huang, Wei, PSG Design Center, USA 
Hui, David, University of New Orleans, USA 
Jaffrezic-Renault, Nicole, Ecole Centrale de Lyon, France 
Jaime Calvo-Galleg, Jaime, Universidad de Salamanca, Spain 
James, Daniel, Griffith University, Australia 
Janting, Jakob, DELTA Danish Electronics, Denmark 
Jiang, Liudi, University of Southampton, UK 
Jiang, Wei, University of Virginia, USA 
Jiao, Zheng, Shanghai University, China 
John, Joachim, IMEC, Belgium 
Kalach, Andrew, Voronezh Institute of Ministry of Interior, Russia 
Kang, Moonho, Sunmoon University, Korea South 
Kaniusas, Eugenijus, Vienna University of Technology, Austria 
Katake, Anup, Texas A&M University, USA 
Kausel, Wilfried, University of Music, Vienna, Austria 
Kavasoglu, Nese, Mugla University, Turkey 
Ke, Cathy, Tyndall National Institute, Ireland 
Khan, Asif, Aligarh Muslim University, Aligarh, India 
Kim, Min Young, Koh Young Technology, Inc., Korea South 
Sandacci, Serghei, Sensor Technology Ltd., UK 



Korea South 
Kockar, Hakan, Balikesir University, Turkey 
Kotulska, Malgorzata, Wroclaw University of Technology, Poland 
Kratz, Henrik, Uppsala University, Sweden 
Kumar, Arun, University of South Florida, USA 
Kumar, Subodh, National Physical Laboratory, India 
Kung, Chih-Hsien, Chang-Jung Christian University, Taiwan 
Lacnjevac, Caslav, University of Belgrade, Serbia 
Lay-Ekuakille, Aime, University of Lecce, Italy 
Lee, Jang Myung, Pusan National University, Korea South 
Lee, Jun Su, Amkor Technology, Inc. South Korea 
Lei, Hua, National Starch and Chemical Company, USA 
Li, Genxi, Nanjing University, China 
Li, Hui, Shanghai Jiaotong University, China 
Li, Xian-Fang, Central South University, China 
Liang, Yuanchang, University of Washington, USA 
Liawruangrath, Saisunee, Chiang Mai University, Thailand 
Liew, Kim Meow, City University of Hong Kong, Hong Kong 
Lin, Hermann, National Kaohsiung University, Taiwan 
Lin, Paul, Cleveland State University, USA 
Linderholm, Pontus, EPFL - Microsystems Laboratory, Switzerland 
Liu, Aihua, University of Oklahoma, USA 
Liu Changgeng, Louisiana State University, USA 
Liu, Cheng-Hsien, National Tsing Hua University, Taiwan 
Liu, Songqin, Southeast University, China 
Lodeiro, Carlos, Universidade NOVA de Lisboa, Portugal 
Lorenzo, Maria Encarnacio, Universidad Autonoma de Madrid, Spain 
Lukaszewicz, Jerzy Pawel, Nicholas Copernicus University, Poland 
Ma, Zhanfang, Northeast Normal University, China 
Majstorovic, Vidosav, University of Belgrade, Serbia 
Marquez, Alfredo, Centro de Investigacion en Materiales Avanzados, 
Mexico 
Matay, Ladislav, Slovak Academy of Sciences, Slovakia 
Mathur, Prafull, National Physical Laboratory, India 
Maurya, D.K., Institute of Materials Research and Engineering, Singapore 
Mekid, Samir, University of Manchester, UK 
Melnyk, Ivan, Photon Control Inc., Canada  
Mendes, Paulo, University of Minho, Portugal 
Mennell, Julie, Northumbria University, UK 
Mi, Bin, Boston Scientific Corporation, USA 
Minas, Graca, University of Minho, Portugal 
Moghavvemi, Mahmoud, University of Malaya, Malaysia 
Mohammadi, Mohammad-Reza, University of Cambridge, UK 
Molina Flores, Esteban, Benemérita Universidad Autónoma de Puebla, 

Mexico 
Moradi, Majid, University of Kerman, Iran 
Morello, Rosario, DIMET, University "Mediterranea" of Reggio Calabria, 

Italy 
Mounir, Ben Ali, University of Sousse, Tunisia 
Mukhopadhyay, Subhas, Massey University, New Zealand 
Neelamegam, Periasamy, Sastra Deemed University, India 
Neshkova, Milka, Bulgarian Academy of Sciences, Bulgaria 
Oberhammer, Joachim, Royal Institute of Technology, Sweden 
Ould Lahoucin, University of Guelma, Algeria 
Pamidighanta, Sayanu, Bharat Electronics Limited (BEL), India 
Pan, Jisheng, Institute of Materials Research & Engineering, Singapore 
Park, Joon-Shik, Korea Electronics Technology Institute, Korea South 
Penza, Michele, ENEA C.R., Italy 
Pereira, Jose Miguel, Instituto Politecnico de Setebal, Portugal 
Petsev, Dimiter, University of New Mexico, USA 
Pogacnik, Lea, University of Ljubljana, Slovenia 
Post, Michael, National Research Council, Canada 
Prance, Robert, University of Sussex, UK 
Prasad, Ambika, Gulbarga University, India 
Prateepasen, Asa, Kingmoungut's University of Technology, Thailand 
Pullini, Daniele, Centro Ricerche FIAT, Italy 
Pumera, Martin, National Institute for Materials Science, Japan 
Radhakrishnan, S. National Chemical Laboratory, Pune, India 
Rajanna, K., Indian Institute of Science, India 
Ramadan, Qasem, Institute of Microelectronics, Singapore 
Rao, Basuthkar, Tata Inst. of Fundamental Research, India 
Raoof, Kosai, Joseph Fourier University of Grenoble, France 
Reig, Candid, University of Valencia, Spain 
Restivo, Maria Teresa, University of Porto, Portugal 
Robert, Michel, University Henri Poincare, France 
Rezazadeh, Ghader, Urmia University, Iran 
Royo, Santiago, Universitat Politecnica de Catalunya, Spain 
Rodriguez, Angel, Universidad Politecnica de Cataluna, Spain 
Rothberg, Steve, Loughborough University, UK 
Sadana, Ajit, University of Mississippi, USA 
Sadeghian Marnani, Hamed, TU Delft, The Netherlands 

Sapozhnikova, Ksenia, D.I.Mendeleyev Institute for Metrology, Russia 
Saxena, Vibha, Bhbha Atomic Research Centre, Mumbai, India 
Schneider, John K., Ultra-Scan Corporation, USA 
Seif, Selemani, Alabama A & M University, USA 
Seifter, Achim, Los Alamos National Laboratory, USA 
Sengupta, Deepak, Advance Bio-Photonics, India 
Shankar, B. Baliga, General Monitors Transnational, USA 
Shearwood, Christopher, Nanyang Technological University, Singapore 
Shin, Kyuho, Samsung Advanced Institute of Technology, Korea 
Shmaliy, Yuriy, Kharkiv National University of Radio Electronics, 

Ukraine 
Silva Girao, Pedro, Technical University of Lisbon, Portugal 
Singh, V. R., National Physical Laboratory, India 
Slomovitz, Daniel, UTE, Uruguay 
Smith, Martin, Open University, UK 
Soleymanpour, Ahmad, Damghan Basic Science University, Iran 
Somani, Prakash R., Centre for Materials for Electronics Technol., India 
Srinivas, Talabattula, Indian Institute of Science, Bangalore, India 
Srivastava, Arvind K., Northwestern University, USA 
Stefan-van Staden, Raluca-Ioana, University of Pretoria, South Africa 
Sumriddetchka, Sarun, National Electronics and Computer Technology 

Center, Thailand 
Sun, Chengliang, Polytechnic University, Hong-Kong 
Sun, Dongming, Jilin University, China 
Sun, Junhua, Beijing University of Aeronautics and Astronautics, China 
Sun, Zhiqiang, Central South University, China 
Suri, C. Raman, Institute of Microbial Technology, India 
Sysoev, Victor, Saratov State Technical University, Russia 
Szewczyk, Roman, Industrial Research Institute for Automation and 

Measurement, Poland 
Tan, Ooi Kiang, Nanyang Technological University, Singapore, 
Tang, Dianping, Southwest University, China 
Tang, Jaw-Luen, National Chung Cheng University, Taiwan 
Teker, Kasif, Frostburg State University, USA 
Thumbavanam Pad, Kartik, Carnegie Mellon University, USA 
Tian, Gui Yun, University of Newcastle, UK 
Tsiantos, Vassilios, Technological Educational Institute of Kaval, Greece 
Tsigara, Anna, National Hellenic Research Foundation, Greece 
Twomey, Karen, University College Cork, Ireland 
Valente, Antonio, University, Vila Real, - U.T.A.D., Portugal 
Vaseashta, Ashok, Marshall University, USA 
Vazques, Carmen, Carlos III University in Madrid, Spain 
Vieira, Manuela, Instituto Superior de Engenharia de Lisboa, Portugal 
Vigna, Benedetto, STMicroelectronics, Italy 
Vrba, Radimir, Brno University of Technology, Czech Republic 
Wandelt, Barbara, Technical University of Lodz, Poland 
Wang, Jiangping, Xi'an Shiyou University, China 
Wang, Kedong, Beihang University, China 
Wang, Liang, Advanced Micro Devices, USA 
Wang, Mi, University of Leeds, UK 
Wang, Shinn-Fwu, Ching Yun University, Taiwan 
Wang, Wei-Chih, University of Washington, USA 
Wang, Wensheng, University of Pennsylvania, USA 
Watson, Steven, Center for NanoSpace Technologies Inc., USA 
Weiping, Yan, Dalian University of Technology, China 
Wells, Stephen, Southern Company Services, USA 
Wolkenberg, Andrzej, Institute of Electron Technology, Poland 
Woods, R. Clive, Louisiana State University, USA 
Wu, DerHo, National Pingtung University of Science and Technology, 

Taiwan 
Wu, Zhaoyang, Hunan University, China 
Xiu Tao, Ge, Chuzhou University, China 
Xu, Lisheng, The Chinese University of Hong Kong, Hong Kong 
Xu, Tao, University of California, Irvine, USA 
Yang, Dongfang, National Research Council, Canada 
Yang, Wuqiang, The University of Manchester, UK 
Ymeti, Aurel, University of Twente, Netherland 
Yong Zhao, Northeastern University, China 
Yu, Haihu, Wuhan University of Technology, China 
Yuan, Yong, Massey University, New Zealand 
Yufera Garcia, Alberto, Seville University, Spain 
Zagnoni, Michele, University of Southampton, UK 
Zeni, Luigi, Second University of Naples, Italy 
Zhong, Haoxiang, Henan Normal University, China 
Zhang, Minglong, Shanghai University, China 
Zhang, Qintao, University of California at Berkeley, USA 
Zhang, Weiping, Shanghai Jiao Tong University, China 
Zhang, Wenming, Shanghai Jiao Tong University, China 
Zhou, Zhi-Gang, Tsinghua University, China 
Zorzano, Luis, Universidad de La Rioja, Spain 
Zourob, Mohammed, University of Cambridge, UK 

 
Sensors & Transducers Journal (ISSN 1726-5479) is a peer review international journal published monthly online by International Frequency Sensor Association (IFSA).  

Available in electronic and CD-ROM. Copyright © 2007 by International Frequency Sensor Association. All rights reserved. 



  SSeennssoorrss  &&  TTrraannssdduucceerrss  JJoouurrnnaall   
  

  

CCoonntteennttss  
  

Volume 3 
Special Issue 
December 2008  

www.sensorsportal.com  ISSN 1726-5479 

 
 

Research Articles 
 

Foreword 
Elena Gaura and James Brusey ........................................................................................................  1 
  
Novel Synchronous Linear and Rotatory Micro Motors Based on Polymer Magnets with 
Organic and Inorganic Insulation Layers 
Andreas Waldschik, Marco Feldmann and Stephanus Büttgenbach.................................................   3 
  
Adaptive Subband Filtering Method for MEMS Accelerometer Noise Reduction 
Piotr Pietrzak, Barosz Pekoslawski, Maciej Makowski, Andrzej Napieralski ...................................... 14 
  
Fluido-Dynamic and Electromagnetic Characterization of 3D Carbon Dielectrophoresis with 
Finite Element Analysis 
Rodrigo Martinez-Duarte, Salvatore Cito, Esther Collado-Arredondo, Sergio O. Martinez and  
Marc J. Madou....................................................................................................................................  25 
  
Membranous Bypass Valves for Discrete Drop Mixing and Routing in Microchannels 
Minsoung Rhee and Mark A. Burns .................................................................................................... 37 
  
Ultrasound-driven Viscous Streaming, Modelled via Momentum Injection 
James Packer, Daniel Attinger and Yiannis Ventikos ........................................................................  47 
  
Multi-Functional Sensor System for Heart Rate, Body Position and Movement Intensity 
Analysis 
Michael Mao, Bozena Kaminska, Yindar Chuo..................................................................................  59 
  
NIR FRET Fluorophores for Use as an Implantable Glucose Biosensor 
Majed Dweik and Sheila A. Grant.......................................................................................................  71 
  
Electrostatic Voltage Sensors Based on Micro Machined Rotational Actuators: Modeling 
and Design 
Jan Dittmer, Rolf Judaschke and Stephanus Büttgenbach................................................................  80 
  
Optimization of Phage-Based Magnetoelastic Biosensor Performance 
S. Huang, S.-Q. Li, H. Yang, M. Johnson, J. Wan, I. Chen, V. A. Petrenko, J. M. Barbaree, and  
B. A. Chin............................................................................................................................................  87 
  
Contribution of NIEL for Gain Degradation (β) in Si8+ Ion Irradiated Silicon Power Transistor 
C. M. Dinesh, Ramani, M. C. Radhakrishna, S. A. Khan, D. Kanjilal.................................................  97 
  

 
 

Authors are encouraged to submit article in MS Word (doc) and Acrobat (pdf) formats by e-mail: editor@sensorsportal.com 
Please visit journal’s webpage with preparation instructions: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm 

 
International Frequency Sensor Association (IFSA). 



Sensors & Transducers Journal, Vol. 3, Special Issue, December 2008, pp. 71-79 

 71

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

ISSN 1726-5479
© 2008 by IFSA

http://www.sensorsportal.com   
 
 
 
 
 
 

NIR FRET Fluorophores for Use as an Implantable  
Glucose Biosensor 

 
Majed DWEIK and Sheila A. GRANT 

Department of Life and Physical Sciences - Corporative Research and Extension, 
Lincoln University, 820 Chestnut Street Jefferson City, MO, USA 

Tel.: 001-573-681-5134 
E-mail: dweikm@lincolnu.edu 

 
 

Received: 31 October 2008   /Accepted: 7 November 2008   /Published: 8 December 2008 
 
 
Abstract: Development of an in vivo optical sensor requires the utilization of Near Infra Red (NIR) 
fluorophores due to their ability to operate within the biological tissue window. Alexa Fluor  
750 (AF750) and Alexa Fluor 680 (AF680) were examined as potential NIR fluorophores for an in 
vivo fluorescence resonance energy transfer (FRET) glucose biosensor. AF680 and AF750 found to be 
a FRET pair and percent energy transfer was calculated. Next, the tested dye pair was utilized in a 
competitive binding assay in order to detect glucose. Concanavalin A (Con A) and dextran have 
binding affinity, but in the presence of glucose, glucose displaces dextran due to its higher affinity to 
Con A than dextran. Finally, the percent signal transfer through porcine skin was examined. The 
results showed with approximately 4.0 mm porcine skin thickness, 1.98 % of the fluorescence was 
transmitted and captured by the detector. Copyright © 2008 IFSA. 
 
Keywords: FRET, NIR, Dextran, Concanavalin A, Glucose biosensor 
 
 
 
1. Introduction 
 
According to the American Diabetes Association (ADA) by the year 2020, 250 million people will be 
afflicted with diabetes [1]. Most diabetics monitor their glucose levels at least seven times a day, 
followed by appropriate actions necessary to maintain normal glycemia. Close monitoring of glucose 
level would help prevent some of the adverse health effects associated with diabetes, such as kidney 
failure, amputations, and blindness. An implantable glucose sensor would maintain stricter control 
over blood glucose levels while eliminating the need for blood drop testing. 
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Many researchers have pursued the development of sensor and biosensor devices for the long-term 
monitoring and managing of diabetes [2-5]. Medtronic/Mini-Med, has developed an electrochemical 
implantable glucose sensor. This sensor can operate for 72 hours subcutaneously. After 72 hours, the 
sensor becomes inoperable due to biofouling. Another problem with this sensor is the frequent re-
calibration. 
 
Other scientists are investigating implantable glucose sensors based on fluorescence spectroscopy due 
to the fact that fluorescence spectroscopy has the advantages of high sensitivity and superior 
specificity provided by molecular recognition [3]. For example, a series of experiments were 
performed using FRET (fluorescence resonance energy transfer) and a competitive binding technique. 
McShane et al. [4] utilized Concanavalin A and dextran which were labeled with acceptor (TRITC) 
and donor (FITC) dyes respectively. In the presence of glucose, the labeled dextran was displaced 
from the Concanavalin A. This resulted in a change in fluorescence. McShane achieved a detection 
range of 0–140 mg/dL glucose with a response time of less than 2 min [4]. The ratiometric nature of 
the FRET analysis method allowed compensation for variations in instrumental parameters, assay 
component concentrations, and measurement configuration [5]. However, as an implantable biosensor, 
the chosen fluorophores (TRITC and FITC) suffer from optical absorption due to hemoglobin; i.e., the 
wavelengths do not fall within the tissue window. 
 
Fluorophores utilized as implantable sensors require high quantum yield and near IR emission (NIR), 
but such a combination does not currently exist because red and NIR dyes generally have lower 
quantum yields than the shorter-wavelength dyes. Table 1 lists properties of the ideal FRET 
fluorophore pair. A judicious choice of the FRET dyes is critical in the development of an optical 
implantable glucose sensor. In this study, it was hypothesized that the fluorophores Alexa Fluor 750 
and Alexa Fluor 680 are viable choices for creating an implantable FRET biosensor capable of 
detecting glucose. 

 
 

Table 1. Properties of an ideal fluorophore and pair. 
 

1. High quantum yield 
2. Non-toxicity 
3. High tissue penetration 
4. Large Stokes shift 
5. Sharply spiked emission wavelengths 
6. Long excited-state lifetime 
7. Insensitivity to pH 
8. Photo-stability when conjugated 
9. Strong energy transfer 

 
 
Alexa Fluor 750 (AF750) dye has a peak excitation at ~752 nm with its fluorescence emission 
maximum at ~779 nm. It is one of the longest wavelengths of Alexa Fluor dyes currently available 
with a spectrum similar to the commonly utilized Cy7 dye. Since it is well separated from frequently 
used far-red fluorophores such as Alexa Fluor 647, Alexa Fluor 660, or allophycocyanin (APC), the 
use of AF750 facilitates multicolor analysis. Additionally, conjugates of the AF750 dye become well 
excited by a xenon arc lamp or dye-pumped lasers operating in the 720–750 nm range [6]. 
 
Alexa Fluor 680 (AF680) has a peak excitation at 679 nm and maximum emission at 702 nm. The dye 
is spectrally similar to the Cy5.5 dye. Fluorescence emission of the AF680 dye is also suitably 
different from that of other commonly used red fluorophores, such as the tetramethylrhodamine, Texas 
Red, R-phycoerythrin, Alexa Fluor 594, and Alexa Fluor 647 dyes [7]. 
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Typically, the FRET fluorophore molecule pairs are characterized via the Förster radius (Ro), which is 
the distance at which the energy transfer is 50% efficient (i.e., 50% of excited donors are deactivated). 
In this study, the well-characterized molecules, streptavidin and biotin, were labeled to the 
fluorophores in order to examine the percent energy transfer and Förster distance. The streptavidin 
biotin-binding protein binds four biotins per molecule with a high level of affinity and selectivity. 
Dissociation of biotin from streptavidin is reported to be fast, 2.4x10⎯ 6 s⎯ ¹ [8]. 
 
Additionally, the potential as a NIR FRET glucose biosensor was examined using the established 
competitive binding technique of dextran and Con A. Dextran is an inhibitor to Con A. When glucose 
is added to the bound solution of dextran and Con A, glucose will displace the dextran and bind to the 
Con A. This displacement will take place due to the high affinity of glucose to Con A. As a result of 
the displacement, the change in FRET can be monitored. 
 
The main objective of this investigation was to determine whether AF750 and AF680 is a viable FRET 
pair for implantable glucose biosensors. Three experiments were performed: 1) AF750 and AF680 
were labeled to streptavidin and biotin and the energy transfer and Forster’s distance was determined; 
2) AF750 and AF680 were labeled to Con A and dextran (MW 3000 and MW 10,000) and glucose 
response was determined in a spectrofluorometer; and 3) AF750 and AF680 were labeled to Con A 
and dextran (MW 3000) and glucose response was determined through porcine skin. In previous 
experiments investigating dextran, researchers used large chains of dextran whose molecular weight 
ranged from 500,000 to 2,000,000 MW [4]. These experiments will help facilitate improvements in the 
development of an implantable biosensor used to monitor glucose. 
 
 
2. Material and Methods 
 
2.1. Material 
 
Concanavalin A (5 mg/ml), sodium bicarbonate (84.01 MW, 0.1 M, pH 8.3), bovine serum albumin  
(2 mg/ml, pH 7.0), phosphate buffered saline (0.01M, pH 7.4), and beta-D(+) glucose (180.2 MW,  
100 mg/ml) were purchased from Sigma (St. Louis, MO). Streptavidin-Alexa Fluor 680 (52,800 MW, 
1 mg), Alexa Fluor 680-dextran (molecular weight 10,000 Da, 1 mol AF680/mol of dextran; molecular 
weight 3000 Da, 1 mol AF680/mol of dextran), Alexa Fluor 750 carboxylic acid (succinimidyl ester,  
1 mg), and a FluoReporter Mini-biotin-XX protein labeling kit (5 labeling of 0.1-3 mg protein each) 
were purchased from Invitrogen (Carlsbad, CA). Dialysis tubing (6000-8000 MWCO) was purchased 
from Fisher Scientific (Hampton, NH). 
 
 
2.2. Instrumentation 
 
A UV-VIS absorbance spectrometer (Beckman DU 520) was used in order to collect absorbance 
spectra and perform catalytic activity tests. The slit size (4 nm) and scanning speed (595 nm/min) were 
held constant throughout all the experiments. A scanning fluorescence spectrometer (FluoroMax-3 
Jobin Yvon, Hobira) was used to collect the fluorescence emission spectra by exciting samples at  
680 nm. The slit size and integration time were 7 nm and 0.3 s, respectively. 
 
 
2.3. Labeling Technique 
 
BSA was diluted in 10 mM of a sodium phosphate buffer. Following the protocol outlined in the 
Invitrogen biotinylation kit, biotin was bound to BSA. Biotin was labeled with AF750 via the labeling 
kit protocol from Invitrogen. 
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A Bio-Rad experiment was conducted in order to determine the final protein concentration and the 
degree of labeling of the BSA-biotin. The final BSA-biotin concentration was 1.103 mg/ml and the 
degree of labeling (DOL) was determined through the use of UV-VIS spectrometry. The labeled BSA 
was scanned and the absorbance at 749 nm was determined. The DOL was calculated according to 
equation (1): 
 
 DOL= (A max X MW) / ([Protein] X Є dye) , (1)
 
where Amax is the absorbance value of AF750 at the absorption maximum wavelength. The DOL was 
determined to be 0.8; thus, for every mole of protein there was approximately a mole of dye. 
 
The AF680-streptavidin DOL was 3.0. 
 
Utilizing the protocol provided by Molecular Probes, Con A (10 mg) was labeled with AF750. Again, 
a Bio-Rad experiment was conducted to determine the final protein concentration and the degree of 
labeling. The final Con A concentration was 9.86 mg/ml and the degree of labeling was calculated 
according to equation (1). The DOL was 2.94 mole of dye/mole of Con A. The AF680-dextran DOL is 
1 mole of AF680 for every mole of dextran. 
 
 
2.3.1. FRET Experiments Using AF680 and AF750 
 
The experiments were conducted in 1 ml cuvettes. The spectrofluorometer was adjusted to 1 nm 
increments with an integration time of 0.5 seconds. 1µg of BSA-AF 750 was scanned by setting the 
excitation at 750 nm and the slits at 5. FRET was determined by placing 1µg of AF680-streptavidin in 
a cuvette. PBS was added and a scan was conducted to acquire the sample background without  
AF750-BSA biotin. Next, 1µg AF750-BSA biotin was added to the cuvette and more spectra were 
obtained. Energy transfer from the AF680-streptavidin (donor) was determined. The final sample was 
1 µg AF750-BSA biotin in 1 µg AF680-streptavidin in 1ml PBS. Dilution effects were taken into 
account during the experiments. 
 
 
2.3.2. FRET Experiments via Dextran Size Testing for Glucose Response 
 
AF680 and AF750 were used in the experiments for detecting glucose. As stated earlier, a competitive 
binding technique was utilized for the glucose sensor. Con A is considered to be a glucose binding 
protein. While dextran will bind to Con A, it has a lower affinity than glucose. By exploiting the lower 
binding affinity of dextran to Con A, the dextran will be replaced by the higher affinity glucose to Con 
A. This displacement will result in a change in FRET. In previous experiments investigating dextran, 
researchers used large chains of dextran whose molecular weight ranged from 500,000 to  
2,000,000 MW [4]. In this research two smaller molecular weight dextrans will be used, dextran 
10,000 MW and 3000 MW. Since the competitive binding technique depends on the binding of 
dextran to Con A, by choosing a smaller chain of labeled dextran, the distance between the labeled 
dextran site and labeled Con A site will be closer, and thus will have a greater effect on energy 
transfer. 
 
In this experiment, we examined the feasibility of utilizing the AF680/AF750 NIR FRET pair as a 
glucose sensor via a competitive binding technique. The effect of dextran size on glucose detection 
was also determined. 
 
The experiments were conducted using 4 ml cuvettes. The excitation was set at 680 nm, which is the 
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excitation wavelength for the AF680-dextran. The increment was set at 1 nm while the integration time 
was at 0.3 s. The slits were opened to 7. The test on the dextran (10,000MW) was conducted by 
placing 0.1 µg of AF680-dextran in a 4 ml cuvette. PBS was then added for a total volume of 3 ml.  
A scan of the sample was performed to acquire the background without the presence of AF750-Con A. 
Then 0.282 µg of AF750-Con A was added to the same cuvette. A scan of the sample was performed 
to determine the percent of energy transfer from the FRET pair. The mole ratio was maintained at  
4 moles of dextran to 1 mole of Con A. The same test was conducted with the same mole ratio 4:1 by 
using the dextran (3000MW). 0.1 µg of AF680-dextran and 0.789 µg of AF750-Con A were placed in 
a 4ml cuvette. Similar scans were obtained. 
 
After 2 hr incubation to allow binding of the dextran to Con A, each sample was tested for glucose 
response. The test consisted of four additions of glucose concentrations from 0.016 to 0.397 µM. 
Lower concentrations than clinically relevant levels of glucose were utilized in order to examine the 
limit of detection. Ten minutes was allowed for incubation with the glucose after each addition before 
scanning. These experiments were repeated four times in order to obtain statistical data. 
 
 
2.3.3. Transmission Studies of FRET Glucose Sensors through Porcine Skin 
 
The main objective of using NIR dye is to be able to detect signals from an implantable biosensor. 
Skin acts as a barrier between the sensor and the detector. By placing a porcine tissue in front of the 
cuvette holder, this mimicked the signal detection of a sensor through skin. 
 
The biosensor probes from the previous experiments were prepared and then scanned. Various 
thicknesses of porcine skin between 1.3mm and 3.8mm were utilized by placing it in front of the 
detector. The relation between the tissue thickness and the fluorescence signal was determined. 
 
 
3. Results and Discussion 
 
3.1. Fluorescence Resonance Energy Transfer (FRET) Experiments 
 
In the following graphs, the results of the FRET streptavidin/biotin experiments are shown. The scan 
of the maximum peak of 1ug SA-AF680 donor without the presence of the BSA-AF750 acceptor was 
conducted. It gave a maximum peak of 702 nm. This peak represents the maximum emission of the 
AF680 when the donor is not present in the sample. 
 
Next, the sample was scanned with the presence of the acceptor. The excitation was set at 680 nm.  
Fig. 1 provided peak of the donor with the presence of the acceptor which was approximately  
63624 cps at 702 nm. 
 
The energy transfer was calculated using equation (2): 
 
 % Energy transfer = 1 – IDwA / I/D , (2)
 
where ID is the donor’s intensity without the presence of the acceptor and I DWA is the donor’s intensity 
with the acceptor presence. The energy transfer was 95.76 %. The results provided conclusive 
observations of energy transfer in term of increase in the acceptor peak and decrease in the donor peak. 
Thus, AF680 and AF-750 were used in future experiments as an NIR FRET pair. The forster distance 
was 43 nm. 
 
 



Sensors & Transducers Journal, Vol. 3, Special Issue, December 2008, pp. 71-79 

 76

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

690 710 730 750 770 790 810 830 850
wavelength (nm)

in
t. 

(c
ps

)

 
 

Fig. 1. Scan of SA-AF 680 with the presence of BSA Biotin-AF 750. 
 
 
3.2. Dextran Size Effect on Glucose Response Experiments 
 
Since the previous experiments determined that AF680 and AF750 fluorophores are viable FRET 
pairs, the next step was to utilize the fluorophores in a FRET-based glucose biosensor. Two different 
molecular weight dextrans were examined. The two different sizes, MW 10,000 and MW 3000, of the 
labeled dextran had similar concentrations and F/P ratios. In these experiments, four moles of dextran 
to one mole of Con A was maintained. This ratio increased the probability of dextran to bind to one or 
more of the four-sugar binding sites on Con A. Also a low glucose concentration was chosen to test the 
glucose response of the Con A with dextran 3000 MW and Con A with dextran 10,000 MW in order to 
determine the limit of detection. 
 
Fig. 2 shows the average glucose response when the higher molecular weight dextran (10,000 MW) 
was utilized (n=4). A highly concentrated glucose solution was added to the curvettes to minimize any 
dilution effect. The data was plotted as Donor Acceptor ratio (D/A) vs. glucose concentration. For the 
first glucose addition of 0.016 µM, there was drop in the D/A peak ratio, but the response basically 
was a flat slope with additional glucose concentrations due to the low sensitivity. 
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Fig. 2. Glucose Response of AF680-dextran (10,000MW) and AF750-Con A. 
 
 
The average glucose response is shown for the 3000 MW dextran (n=4). Unlike the previous results 
using the higher molecular weight dextran (10000MW), there was an exponential decrease of the D/A 
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ratio as the glucose concentration was increased. The mathematical representation of the behavior of 
the response is shown as an exponential equation: 
 
 y = 14.076 e-0.0069 x 
 
The R2 was 0.6831. 
 
The smaller molecular weight dextran provided better sensitivity than the higher molecular weight 
dextran. It is possible that the poor glucose response when the larger dextran was utilized was due to 
its large sugar branches. Since there is no control over the labeled binding sites on the dextran 
molecules, the smaller dextran molecules may have a higher possibility of optimal labeling sites, 
which would place it in closer proximity to the labeled binding site on the Con A. 
 
Additional experiments were performed with the lower molecular weight dextran. Fig. 3 shows the 
average results of the glucose probe, AF680-dextran (3000MW) and AF750-Con A, in a glucose 
concentration range between 3.33 mM and 33.65 mM (n=4). In these experiments, 0.2 µg of  
AF860-dextran with 2988 µl PBS was placed in a 4ml cuvette, and then 105.7 µg of Con A was added. 
These samples were incubated for 2 hours prior to glucose exposure. 
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Fig. 3. Glucose Response of AF680-dextran (3000MW) and AF750-Con A. 
 
 

Fig. 4 shows the exponential decrease to the peak of the D/A ratio as the glucose concentration 
increase. 
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Fig. 4. Glucose Response of AF680-dextran (3000MW) and AF750-Con A with larger detection limits. 
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3.3. Results of the Transmission Studies of FRET Glucose Sensors through Porcine Skin 
 
Implantable optical glucose sensors require the capture of transmitted fluorescence signals through 
skin. In this experiment various thicknesses of porcine skin was used to determine how much signal 
can be transmitted through it. The porcine skin was place between the cuvette holder and the detector. 
The results from testing different tissue thickness compared to the fluorescence captured showed a 
drop in the signal as the thickness of the tissue increases, as shown in Fig. 5. 
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Fig. 5. The signal from different tissue thicknesses. 
 
 

Fig. 6 represents the relationship between the transmitted signals vs. the tissue thicknesses. This 
relationship can be described mathematically by the following equation: 
 
 y = - 10045 x2 + 34922 x + 37998 
 
The R² value was 0.9926. 
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Fig. 6. Relation between tissue thickness and intensity. 
 
 

These results imparted some important information and will be useful in the final in vivo sensor probe 
design. The placement of the light source and detector will be extremely important. These components 
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need to be placed in a location where the skin thickness is minimal. The light source should be 
powerful enough to penetrate the skin and elicit a strong fluorescence response that can be captured by 
the detector. 
 
 
4. Conclusions 
 
FRET is an optical ratiometric technique. It was used successfully in developing a transduction system 
to detect glucose in vivo. In vivo optical signal detection requires NIR dye. AF680 and AF750 were 
selected as NIR dyes that could operate with in the biological window. They have been tested to ensure 
their functionality as a FRET pair. The results confirmed that AF680 and AF750 is a FRET pair. The 
energy transfer was 95.76 %. Competitive binding technique between protein Con A and the two 
substrates, dextran and glucose was used. After forming the complex of labeled Con A and labeled 
dextran binding between dextran and Con A has taken place. When glucose was added with different 
concentration, a change to the background signal happened. This change in signal was due to glucose 
higher affinity to Con A than dextran. Further testing on two different molecular size of dextran,  
10000 MW and 3000 MW, was conducted. The results of dextran with 3000 MW provided better 
FRET signal than dextran 10000 MW. 
 
In the testing process, the chosen detection range of glucose concentration was adjusted to cover the 
upper limit of the normal blood glucose concentration in humans. 
 
Finally, detecting of peak signal through tissue was possible but only 1.92% of that intensity was 
captured at the 3.8 mm skin thickness. When the tissue thickness was reduced then the captured signal 
increased. All the above results can be utilized in designing more sensitive in vivo optical glucose 
biosensor with superior sensitivity. 
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