
  
Abstract� We describe the design, fabrication method, 
biocompatibility test results, and first application of the 
novel chemical sensor technology that is under 
development.  The sensor is designed to be minimally 
invasive, disposable and easily readable to make frequent 
measurements of various analytes in vivo over a period of 
1-3 months.  It uses photonic sensing of a chemical 
reaction that occurs in a polymer matrix bound to the 
internal end of a chronically implanted percutaneous 
optical fiber. 
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I.  INTRODUCTION 
 
A. Need 
 
 In order to manage certain diseases and conditions, it is 
important to make frequent measurements of specific 
analytes over an extended period of time.  These include 
diabetes, cancer chemotherapy treatment, and hormonal 
monitoring for fertility and pregnancy.  Although biosensors 
have been used in clinical application for decades, most of 
the commercialized products are intended for in vitro assays 
of collected fluid samples.  These sensors have significant 
disadvantages because they cannot provide frequent enough 
measurements to optimize patient treatment. 
 
B. Requirement of the Sensor 
 

We are developing a platform technology that can be 
used to provide a variety of disposable, minimally invasive, 
in vivo optical sensors intended to measure the presence of 
various analytes in a patient over a period of 1-3 months.  A 
patient could measure multiple biomarkers by using multiple 
sensors.  
 
C. Illustration of the Platform Technology 
 

The device (Figure 1) comprises an optical fiber that 
extends through the patient's skin and a biosensor element 
attached to the end of the fiber that is inserted percutaneously 
to sample interstitial fluid.  We call this a Sencil, for �sensory 
cilium�.  The external end of the fiber will be attached to a 

photonic analyzer by means of a connector that accepts the 
free end of the fiber.  The analyzer sends excitation light 
through the fiber to reach the biosensor element and receives 
returning fluorescent emissions from the biosensing element 
through the same fiber. 

The fiber-optic biosensor resembles the configuration of 
chronically implanted artificial hair used for cosmetic 
purposes.  Such hairs consist of filaments of synthetic 
polymer that can be injected into the scalp, where they form 
an epithelial interface that is stable for months at least.  
Likewise, our biosensor is implantable underneath the skin 
into a well-vascularized subcutaneous space such as the 
scalp.  A single optical fiber makes up the �shaft� of the hair, 
and the sensing system serves as the �follicle�. 

 
Figure 1 Illustration of biosensor and its implantation position relative to a 

patient�s skin surface 
 

D. Potential Applications 
 
 One potential analyte of interest is glucose, which is 
measured to adjust insulin dosage for diabetes, and which 
represents the largest segment of commercial sensor research.  
Other analytes that seem particularly suitable for the 
technology include hormones related to fertility, premature 
delivery and other late-term complications of pregnancy such 
as eclampsia.  The technology could be applied to assay 
tissue levels of drugs that have narrow margins between 
effective and dangerous levels, such as cytotoxic 
chemotherapeutics (e.g. Taxol) and anticoagulants.  
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II.  DESIGN AND METHODS 
 
A. Detection Signal Type 
 
 The signal intensity should be strong enough to provide a 
satisfactory signal-to-noise ratio for the photonic detector.  
The signal should provide sufficient precision and accuracy 
to provide clinically useful information over the expected 
range of concentration of the analyte, which varies greatly for 
different analytes.  The measured value should be relatively 
insensitive to the anticipated gradual biodegradation of the 
sensor matrix in the body.  As described below, we have 
chosen fluorescence resonance energy transfer between two 
fluorophors whose binding can be reduced by competition 
from the ambient analyte.  
 
B. Optical Fiber 
 
 The fiber must be flexible and small in diameter for 
minimally invasive insertion and stability despite external 
forces.  Silica multimode fibers (100/110µm core/cladding) 
were chosen for their optical properties, biocompatibility, and 
toughness.  The fiber has a high tensile strength (>500g), and 
can be bent repeatedly to a 1.5mm radius without breaking. 
 
C. Containment Matrix 
 
 The containment system 
must be biocompatible and 
permeable to analytes, maintain 
mechanical integrity in situ for 
the projected life of the sensor, 
and prevent the assay molecules 
from diffusing away. 
 Polyethylene glycol (PEG) precursor solution is mixed 
with biosensing material.  The optical fiber is dipped into the 
unpolymerized solution.  UV light passes through the fiber to 
induce cross-linking polymerization onto the end of the fiber.  
The polymer matrix attaches to the fiber in a shape very 
similar to a hair follicle, as illustrated.  We found that PEG 
maintained integrity for longer than eight weeks in 
phosphate-buffered saline (PBS) at pH 7.2, simulating 
physiological conditions. 
 
D. In Vivo Stability and Biocompatibility 
 

Initial chronic experiments in rats were unsuccessful 
because the animals removed the implants when grooming.  
We implanted 7 pigs (2-week survival) with Sencils (2 
fibers/animal), and 10 pigs (4-week survival) with Sencils (4 
fibers/animal), all in the region above the shoulder blades.  
The 2-week animal group had only 4 sensors remaining at 
euthanasia; the 4-week animal group had 15 sensors 
remaining at euthanasia.  The few surviving fibers were 
useful to assess biocompatibility, but extraction forces were 

lower than required for chronic use in freely behaving 
animals (8-12g). 

 
To investigate biocompatibility, each animal was sacrificed 
and the tissue around the remaining Sencils was harvested for 
conventional histology (hematoxylin & eosin staining of 
frozen sections and paraffin sections).  There was a thin 
tissue encapsulation along the fiber track with epidermal 
thickening at the exit point. Minimal localized inflammation 
around the biodegradable PEG matrix was also observed.  
(Fig. 2, left).  

    
Figure 2 Histology of the track of a Sencil at 4 weeks. 

(Left: paraffin section, H&E stain; Right: same section under fluorescence 
microscope) 

 
E. Adhesion Enhancement Between Fiber and Matrix 
Interface 
 

The survival rate of Sencils was about 30% in the initial 
pig studies, and the follicle-like containment matrix was left 
behind based on fluorescence of the tissue (Fig. 2, right).  At 
least modest adhesion between the containment matrix and 
the optical fiber is required to prevent these two components 
from physically separating prematurely due to small amounts 
of relative motion expected between the percutaneous fiber 
and the subcutaneous tissues.   

Initially, we measured peak tensile force of ~10g force 
for the matrix on 100 µm fibers.  Mild etching to increase 
surface roughness of the glass fiber (25% HF for 10 minutes 
before polymerization of the matrix) increased adhesion to 
our target of 77g force (the normal extraction force for 
human hair) without degrading optical properties of the fiber 
(which we measured by lateral scattering). 
 
F. Photonic Analyzer  
 

Figure 3 illustrates the proposed sensing instrument, 
which is sized and configured to be a pen-like, battery-
powered device with an LCD read-out.  The photonic 
analyzer exposes the biosensor to excitation light produced 
by a light emitting diode (LED) that is directed through the 
optical fiber to the biosensor.  The analyzer receives emitted 
fluorescent light from the biosensor at longer wavelengths, 
directed through the optical fiber in the opposite direction.  
As fluorescent emissions from the fluorophore pass through 
the filter section, a piezoelectric transducer (PZT) deflects 
photons with wavelengths matched to the acoustic 
wavelength into the detector, where they are captured and 
quantified by the photodiode. 



 
Figure 3 Proposed handheld photonic detection instrument 

 
III.  Application 

 
The sensor will detect the presence of analyte by 

fluorescence emission change.  For non-fluorescent analytes, 
we measure FRET (fluorescence resonance energy transfer) 
between two fluorophores with different emission 
wavelengths that are bound to molecules that have a natural 
affinity.  The relative intensity at the two wavelengths 
changes when the analyte binds competitively to one of the 
molecules, displacing the other and reducing the FRET.  The 
ratiometric assay tends to be resistant to reductions in overall 
signal strength such as might occur with poor coupling to the 
reader or biodegradation of the matrix.  

For example, FITC and TRITC are a potential 
fluorophore pair for FRET.  The emission spectrum of FITC 
is mostly overlapped with the excitation spectrum of TRITC.  
If the distance between them is less than the Forster radius 
(about 8nm), then energy transfer occurs.  The fluorescence 
of FITC will be absorbed by TRITC, which emits a second 
fluorescence at a higher wavelength after excitation.  This is 
shown in Figure 4. 

 
Figure 4 Example of FRET with FITC/TRITC 

The FITC-TRITC fluorophore pair has been applied in 
detecting glucose concentration.  Concanavalin A (ConA), a 

saccharide receptor, is conjugated to TRITC, and dextran, a 
polysaccharide, is conjugated to FITC.  The affinity between 
the dextran and ConA brings the fluorophore pair within the 
Forster radius, and the FITC emission is quenched.  
Increasing concentrations of glucose reduce the FRET by 
displacing the FITC-Dextran and restoring the FITC emission 
intensity (Figure 5).  
 

 
Figure 5 Method of glucose detection 

  
 
Effect of stereochemistry on FRET efficiency 
 

In a preliminary study, we found that the stereochemistry 
of the molecule is crucial for the efficiency of the quenching 
phenomenon.  A smaller dextran molecule (lower molecular 
weight) brings the two fluorophore closer, resulting in more 
efficient FRET.  This is demonstrated in Figure 6 and Figure 
7 below. 

 
Figure 6 Stereochemistry of dextran 

 
Figure 7 Effect of stereochemistry of dextran on FRET 



 
Effect of affinity between analyte and receptor on signal 
intensity 
 

Glucose has weaker affinity to the receptor ConA than 
dextran.  Therefore, an excess amount of glucose must be 
present to replace dextran efficiently.  Because the 
physiological glucose is fixed within a certain range, there is 
a concentration limitation for dye-labeled dextran.  In order 
to have a stronger fluorescence signal, the affinity between 
dextran and the receptor should be reduced to a reasonable 
value.  We found that using betacyclodextrin instead of linear 
dextran allowed us to increase the fluorescence intensity ten-
fold while preserving sensitivity in detecting physiological 
concentrations of glucose.  This is shown in Figure 8 below. 

 

 
Figure 8 Effect of affinity on fluorescence intensity of the biosensor 

 
One of the design challenges for the detection instrument is 
to separate the two relatively weak fluorescence signals from 
the strong excitation.  We have successfully used two fibers 
bound into the same sensing matrix, but this will be more 
difficult to manufacture and handle, particularly for 
connecting repeatedly to the sensing instrument. It should be 
possible to produce stronger fluorescence and more readily 
detectable FRET in this and other assays by using Quantum 
Dot® technology for one (but not both) of the fluorophores, 
because it can be excited by much shorter wavelengths than 
traditional fluorescence photodonors. (Figure 9) 

 
Figure 9 Illustration of FRET with Quantum Dot/FITC 

 
 

IV.  DISCUSSION AND CONCLUSION 
 

The glucose sensor is now being tested for stability 
of FRET over the physiological range of glucose 
concentration in vitro.  The next stages of research will 
involve chronically implanting the Sencils in pigs to 
demonstrate improved mechanical stability and comparison 
of measured interstitial glucose concentrations to 
simultaneous blood glucose measurements with laboratory 
equipment.  If the technology appears promising for glucose, 
we will explore the performance limitations of photonic 
instruments suitable for miniaturization into a handheld, 
battery-powered detector.  That, in turn, will determine 
whether the Sencil platform can be adapted to sensing other 
biomarkers whose physiological or pharmacological 
concentrations tend to be much lower. 
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