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Chapter 6 - Theophylline aptasensor

the Th-theophylline complex is observed by NMR in D2O extra peaks are seen which originate

from protons involved in intramolecular hydrogen bonds or are shielded from the solution by the

structure of the complex and so have not been replaced by deuterons. Additionally the structure

of the aptamer-theophylline complex has been solved by NMR (figure 6.1) revealing a hair pin

conformation. When one end of the aptamer is immobilised on a surface this conformation is

capable of bringing the other end, and any label that end is linked to in close proximity to the

surface as well. The structure provides insight into the mechanism of theophylline binding by

Th, and it’s ability to discriminate theophylline from caffeine, which differs by only addition of a

single methyl group.

Figure 6.1: Th aptamer conformation when bound to theo-
phylline
Left - The structure of the Th aptamer in the prescence of theo-
phylline.
Right - Close up showing the theophylline binding pocket pro-
vided by stacking interactions between bases on three sides of
the theophylline molecule.

Th requires a core of 14 residues, several of these providing multiple interactions to bind theo-

phylline. Numerous RNA structural elements work in combination to mould a theophylline bind-

ing pocket, shown in figure 6.1, in which a network of hydrogen bonds and stacking interactions

lock the theophylline into the complex. Residues U6, C22 and A7, C21 form a ’base zipper’ in-

terleaved stack with the theophylline. Additionally the structure of the binding pocket is provided

by an unusual S-curve in the sugar phosphate backbone caused by extensive stacking of other

bases and 3 base-triple interactions, one of which is provided by the theophylline molecule, U6-

U23-A28, A7-C8-G26 and C22-U24-theophylline. Base C22 is responsible for the discrimination

of theophylline from caffeine giving rise to a 10000 times greater affinity for theophylline over

caffeine [146]. The O6, and H7 atoms of theophylline are hydrogen bonded to the Watson-Crick
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Continuous Glucose Monitoring (CGM) 

§  Why? 
§  Missed Excursions 
§  Trending 
§  Event prediction 
§  Closed loop control 

 

Despite these advantages only a few % of Type 1 Diabetics use CGM 

Why? 



Challenges in Continuous Glucose Monitoring 

Implanted Sensors: 
 Foreign body response 
 Capsule formation 
 Drift-Sensor and Environment 
 Chemical Interferents 

Non-Invasive Sensors 
 Lack of specificity 
 Complex instrumentation 

Sampling (‘Inline’) Sensors 
 ‘Local’ concentrations 
 Sampling rate 
 Carry over 



An Area of Great Academic & Commercial 
Activity 
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early warning for hypoglycaemia [23]. The lag time between

blood and ISF glucose is dependent upon species, sensor type,

sensor size, applied experimental stimulus (meal, i.v. glucose

tolerance test, oral glucose tolerance test), whether the subject

has diabetes and depth of sensor in tissue. Lag means that ISF

sensors need to be calibrated to a blood glucose value at regu-

lar intervals. If there is a large disparity at the point of calibra-

tion, this error may be ‘fixed’ for all results given by the ISF

sensor until the next calibration. The disparity between blood

and ISF glucose changes may suggest that ISF glucose sensors

are not ideally suited to use in closed-loop insulin delivery

systems as hyperglycaemic complications and hypoglycaemia

(and consequent neuroglycopenia) are dependent on blood

glucose concentrations. In subcutaneous–subcutaneous closed-

loop systems, where ISF is used to sense glucose and insulin is

delivered subcutaneously, further lag is encountered in the

delivery and absorption of insulin [24,25].

 

Non-invasive glucose sensors

 

Optical transducers

 

Optical transducers use light in variable frequencies to detect

glucose, utilizing different properties of light to interact with

glucose molecules in a concentration-dependent manner (Fig. 3).

Spectroscopic measurement of reflected or transmitted light

may also be well suited to measuring glucose across the anterior

chamber of the eye as a result of the reduced interference from

the components of skin and decreased biochemical artefact

compared with ISF.

 

Infrared absorption spectroscopy

 

Mid-infrared (MIR) light has a wavelength of between 2.5 and

50 

 

µ

 

m (Fig. 4). In absorption spectroscopy, the intensity of

a beam of light of specific wavelength is measured before and

after interaction with matter. Absorption bands seen in this

wavelength are because of fundamental stretching and bend-

ing of molecules. MIR spectroscopy has been used to measure

glucose concentrations in blood and water 

 

in vitro

 

. However,

glucose measurement is hampered by significant background

absorption by other molecules, in particular water. In addition

to this, MIR light has a low path length through tissue, meaning

Table 1 Summary of emergent glucose sensor technologies

Principle Modality Compartment Invasive Product

Kromoscopy Optical ISF Non-invasive —

Photoacoustic spectroscopy Optical ISF Non-invasive —

Optical coherence tomography Optical ISF Non-invasive —

Scattering/occlusion spectroscopy. Optical ISF Non-invasive —

Polarimetry Optical ISF/anterior chamber Non-invasive —

Thermal infrared Optical ISF Non-invasive —

Fluorescence Optical ISF Non-invasive —

Raman spectroscopy Optical ISF Non-invasive —

MIR spectroscopy Optical ISF Non-invasive —

NIR spectroscopy Optical ISF Non-invasive

Impedance spectroscopy Transdermal Capillary blood Non-invasive —

Skin suction blister Transdermal ISF Non-invasive —

Sonophoresis Transdermal ISF Non-invasive —

Reverse iontophoresis Transdermal ISF Non-invasive GlucoWatch

Micropore/microneedle Subcutaneous Capillary blood/ISF Minimally invasive —

Intravenous implantable Intravenous Venous blood Invasive —

Microdialysis Subcutaneous ISF Invasive GlucoDay

Subcutaneous sensor Subcutaneous ISF Invasive Medtronic CGMS System

DexCom STS

Freestyle Navigator

CGMS, continuous glucose-monitoring system; ISF, interstitial fluid; MIR, mid-infrared; NIR, near infrared.

FIGURE 3 Optical properties of light utilized in glucose detection.

(Oliver et al. Diabetic Med 2009) 



Conventional Implanted Needle Electrodes 
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Probing Membrane Diffusivity with SECM 

M
red

M
ox

SECM 

Membrane 1 Membrane 2 



The Epidermal Interstitial Compartment 

Measurements in epidermal 
Interstitial Fluid (ISF) 
Metabolites, drugs, cytokines 

No vasculature 
No nerve endings 



Design Concept 



Fabrication of in situ µspike Sensors 

Master Machined  
by Electric Discharge 
Milling 

Silicone Mould 

SU8-100 Microspikes 

Gold Coated µSpikes 

Then functionalised 



Minimally Invasive Glucose Sensors and 
Controlling Diffusion 

Epoxy-polyurethane Nafion 



System is Membrane Transport Limited 



Lactate Too 



Mechanical characterisation 

•  Transverse Fracture tests: 
–  Method 
–  Result : (n=11) 

•  Mean : 24 N ( range 19-29N)  

= 3N/µSpike 

High Safety Margin  
 Axial Force/Insertion Force 
 100N/5N =20:1 



Skin Penetration 

 50N     400N 

400N 300N 200N 100N 50N X2 50N 

18.64% 16.72% 15.2% 10.88% 7.24% 4.47% 

Mean % Height Reduction 



Membrane Survives Skin Penetration & 
Removal 
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Devices can be Sterilised by 𝜸-Irradiation  
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Post insertion too looks good! 
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A Platform for Other Analytes 
Therapeutic Drug levels 

4644 KIANG ET AL.

tabs that were sutured to the rabbit skin. After the
procedure, the implant site was covered with ster-
ile Bioclusive R© adhesive dressing (Systagenix, Gar-
grave, North Yorkshire, UK) and rabbits were fitted
with a special jacket (Lomir Biomedical Inc., Malone,
New York) to prevent any unintended removal of the
probe due to self-scratching. After 1 day of recovery,
slow i.v. injections (over 1–2 min) of nontoxic doses of
drugs were administered to rabbits via the ear vein
(see legend to Fig. 1 for the specific doses used). The
other ear was reserved for the collection of blood via
an arterial over-the-needle catheter. Blood samples
were collected at the following time points: predose;
15, 30, 45, and 60 min; 2, 4, 6, 8, and 24 h (and the ad-
ditional 72 h time point for phenobarbital), whereas
ISF was collected (via the UF probe) over time in-

tervals: predose; 0–15, 15–30, 30–45, and 45–60 min;
1–2, 2–4, 4–6, 6–8, and 23–24 h (71–72 h for phenobar-
bital). Graphs (Fig. 1) were shown as either 8, 24, or
72 h plots and only captured all concentrations above
limits of quantitation (i.e., if the 24 h concentration
was below the limit of quantitation, then only the 8 h
plot was generated). Only free drug was measured in
ISF as the UF probe had a pore size (30 kDa) that lim-
ited the passage of protein-bound drugs from blood.

Drug samples were analyzed at Exova (Surrey,
British Columbia, Canada) and in clinical laborato-
ries at Vancouver General Hospital and Children’s
and Women’s Hospital (Vancouver, British Columbia,
Canada) using validated assays. Methotrexate and
valproic acid were analyzed in ethylenediaminete-
traacetic acid (EDTA)-plasma using fluorescence

Figure 1. Concentration–time profiles in (◦) ISF and (!) blood in New Zealand White rabbits.
Data are expressed as mean ± SEM (n = 4–6 rabbits). See Materials and Methods section
for details on dosing, sample collection regimens, and drug analysis methods. (A1 and A2)
Vancomycin (20 mg/kg), (B1 and B2) gentamicin (50 mg/kg), (C1 and C2) tacrolimus (0.1 mg/kg),
(D1 and D2) cyclosporine (5 mg/kg), (E1 and E2) mycophenolate (40 mg/kg), (F1 and F2) valproic
acid (50 mg/kg), (G1 and G2) phenobarbital (30 mg/kg), (H1 and H2) phenytoin (10 mg/kg), (I1
and I2) carboplatin (18.7 mg/kg), (J1 and J2) cisplatin (3 mg/kg), (K1 and K2) methotrexate
(15 mg/kg), (L1 and L2) theophylline (12 mg/kg), and (M1 and M2) digoxin (0.02 mg/kg). Cmax

and AUC values are presented in Table 1(Continued).

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012 DOI 10.1002/jps

Kiang et al. JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 101, NO. 12, DECEMBER 2012  
 



Measuring Conformational Change on a 
Nanoparticle Surface 
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Chapter 6 - Theophylline aptasensor

the Th-theophylline complex is observed by NMR in D2O extra peaks are seen which originate

from protons involved in intramolecular hydrogen bonds or are shielded from the solution by the

structure of the complex and so have not been replaced by deuterons. Additionally the structure

of the aptamer-theophylline complex has been solved by NMR (figure 6.1) revealing a hair pin

conformation. When one end of the aptamer is immobilised on a surface this conformation is

capable of bringing the other end, and any label that end is linked to in close proximity to the

surface as well. The structure provides insight into the mechanism of theophylline binding by

Th, and it’s ability to discriminate theophylline from caffeine, which differs by only addition of a

single methyl group.

Figure 6.1: Th aptamer conformation when bound to theo-
phylline
Left - The structure of the Th aptamer in the prescence of theo-
phylline.
Right - Close up showing the theophylline binding pocket pro-
vided by stacking interactions between bases on three sides of
the theophylline molecule.

Th requires a core of 14 residues, several of these providing multiple interactions to bind theo-

phylline. Numerous RNA structural elements work in combination to mould a theophylline bind-

ing pocket, shown in figure 6.1, in which a network of hydrogen bonds and stacking interactions

lock the theophylline into the complex. Residues U6, C22 and A7, C21 form a ’base zipper’ in-

terleaved stack with the theophylline. Additionally the structure of the binding pocket is provided

by an unusual S-curve in the sugar phosphate backbone caused by extensive stacking of other

bases and 3 base-triple interactions, one of which is provided by the theophylline molecule, U6-

U23-A28, A7-C8-G26 and C22-U24-theophylline. Base C22 is responsible for the discrimination

of theophylline from caffeine giving rise to a 10000 times greater affinity for theophylline over

caffeine [146]. The O6, and H7 atoms of theophylline are hydrogen bonded to the Watson-Crick
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Electrochemical Sensing: Exploiting 
Distance Dependence of Electron Transfer 

Far=Low Current Near= High Current 

ket ∝ e−β (d−d 0)].e
− (ΔG0+λ )4

4RTλ



A DNA Aptamer Against Lysozyme 



Aptamer Beacon Assembly 
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