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Abstract

The aim of this thesis was to develop online biosensing systems for dialysate tissue metabo-

lite detection in real time, to provide an insight into the health of tissue in various in vivo

applications.

An autocalibration system was developed using LabSmith programmable components

to improve the accuracy of results obtained over long monitoring times. A method of col-

lecting dialysate into storage tubes for online analysis while retaining temporal resolution

was developed and validated.

Microfluidic biosensor systems were developed for online measurement of glucose and

lactate. One approach employed the use of biosensors, using a combined needle electrode

with enzyme encapsulated in a hydrogel layer. The dynamic range of the biosensors was

extended by adding an outer polyurethane layer. An alternative approach used automated

syringe pumps and valves to develop a microfluidic system for in-flow enzyme addition to

the dialysate stream.

The existing rsMD system was applied for detection of tissue ischaemia during and

after free flap surgery, by measuring dialysate glucose and lactate levels in real time. The

system was able to detect flap failure, both during surgery and afterwards in the intensive

therapy unit (ITU), much earlier than traditional methods.

The rsMD system was adapted to enable monitoring of lactate levels in two dialysate

streams and was applied for monitoring isolated porcine kidneys during two methods

of cold preservation and subsequent re-warming. Significant di↵erences in the lactate

concentrations were observed between the two techniques. The system was extended for

use with human transplant kidneys and with both porcine and human pancreases.

A novel 3D printed wearable biosensor system was developed for direct integration

with a clinical microdialysis probe. The system considerably improved the lag time and

dispersional smearing compared with the existing rsMD system. The device was used in

a proof-of-concept study with wireless potentiostats to monitor cyclists during exercise.
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Chapter 1

Introduction

This chapter introduces the extracellular space (ECS) and methods of in vivo monitoring.

More detailed reviews specific to the tissues studied in this thesis are discussed in the

relevant chapters.

1.1 The extracellular space

The ECS is a complex environment and is the passage through which substances, such as

metabolites and drugs, move between cells and the bloodstream. As a result, information

regarding the function of cells in the vicinity can be obtained by probing the ECS.

In free solution, in the absence of convection, molecules move by di↵usion, governed

by Fick’s first law, shown in equation 1.1.

J = �D(
dC

dx
) (1.1)

Where J is the flux and is proportional to the solute di↵usion coe�cient (D) and the

change in concentration (C ) per unit distance (x ).

This governs both the flux to a cell or to a measurement device, which attempts to

impose a local concentration gradient. Devices include implantable sensors or a sampling

device, such as a microdialysis probe. It is important to consider how this changes when

the measurement or sampling device is placed in tissue.

The ECS contains the extracellular fluid (ECF) and molecular transport occurs through

di↵usion. Many studies have described the intricate and tortuous nature of the ECS (1),

as shown in figure 1.1. The ECS has several functions in the body. Apart from providing

a path for substances to move between cells and blood vessels, it also provides a reservoir

of ions to maintain resting and action potentials, and mediates active chemical signalling

(1).
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1. INTRODUCTION

1 µm

Figure 1.1: Geometry of the extracellular space. Image taken from (2). Electronmicrograph

of a small region of a rat cortex, showing a dendritic spine (S) and a presynaptic (P) terminal. The

ECS is outlined in red.

The e↵ective di↵usion coe�cient in the ECS (DECS) is defined by equation 1.2.

DECS =
Daq

�2
(1.2)

Where Daq represents the aqueous di↵usion coe�cient and � represents the tissue

tortuosity.

In the brain ECS, � has been found to be 1.5-1.6 (2), but it is likely to vary for

di↵erent regions. Moreover, � may be a↵ected by di↵erent pathological conditions. In

addition, tissue damage caused by device implantation is likely to a↵ect mass transport

parameters as well as local uptake or release. Equation 1.2 is sometimes seen with an

additional term �, representing the excluded volume (typically 0.2 in the brain). However,

it has recently been argued that this should only be included if tissue concentration is

measured in homogenised tissue (1). The relationship between the concentration measured

in homogenised tissue (CH) and the concentration measured in the ECF (CECF ) is given

by equation 1.3. All concentrations in this thesis refer to ECF levels and therefore it is

not necessary to correct for this.

CH = �CECF (1.3)

Interpretation of chemical measurements in the ECS also requires consideration of

analyte generation and removal processes, as well as the pathological processes that would

alter mass transport. The ECS contains many di↵erent analytes, all of which have specific

24



1.1 The extracellular space

sources (sites of chemical release) and sinks (uptake sites). During in vivo measurements,

the analyte must di↵use away from its release site, through the ECS, to the measurement

device to be detected. However, during di↵usion, analytes can be removed from the ECS

by metabolism or uptake before reaching the device. Therefore, the concentration of

an analyte in the ECS represents a balance between molecules released into and those

removed from this space, including by the measurement device. A simplified schematic

representation of these sources and sinks is given in figure 1.2.

Sources Sinks

Blood Blood

Cells Cells

Device

Active delivery Active removal

Release and metabolic 
products

Uptake and 
metabolism

Removal (diffusion and/
or oxidation/reduction)

Figure 1.2: Schematic representation of sources and sinks in the ECF. Adapted from (3).

The change in concentration as a result of di↵usion per unit time is governed by Fick’s

second law, which defines the change in flux per unit distance, shown in equation 1.4.

�C

�t
= ��J

�x
= D

�2C

�x2
(1.4)

However, the analyte concentration is also a↵ected by chemical reactions that occur,

including both removal (Rtissue) and generation (Gtissue) processes. Equation 1.4 can

therefore be amended to include terms to account for these chemical reactions, described

in equation 1.5.

�C

�t
= D

�2C

�x2
�Rtissue +Gtissue (1.5)

In addition, the analytical measurement or sampling device can act as a sink, removing

analyte. Therefore, equation 1.5 can be rewritten to incorporate a term that accounts for

removal of analyte by the measurement device (Rdevice), described in equation 1.6.
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1. INTRODUCTION

�C

�t
= D

�2C

�x2
�Rtissue +Gtissue �Rdevice (1.6)

Equation 1.6 shows that concentration changes observed in the tissue are a result of

di↵usional processes, analyte generation, analyte removal or sink processes in the tissue

and removal by the analytical measurement device. If the release and removal processes

are balanced, then the measured concentration would remain constant.

The above analysis assumes there is no ECF convection, which would act as both a

source and a sink for analytes. However, in normal tissue there is a flow of ECF from the

arteries. Most of this flow is reabsorbed by the veins, but some is taken into the lymphatic

system. This was most recently observed in the brain (4).

1.2 Measurement requirements

In this thesis, in vivo measurement of several di↵erent tissues will be discussed. These

are shown in figure 1.3.

Transplant kidney Transplant pancreas Free flap Subcutaneous 
tissueChapters 4 and 5 Chapter 5 Chapter 6

Chapters 7 and 8

Figure 1.3: Summary of tissues monitored in this thesis. Monitoring of transplant kidneys

is discussed in chapters 4 and 5. Monitoring of transplant pancreases is described in chapter 5.

Chapter 6 describes monitoring of free flaps during and after surgery. Monitoring of subcutaneous

tissue in cyclists during exercise is discussed in chapters 7 and 8.

Although on the face of it these are very di↵erent situations, they all share the common

factor of hypoxia (low tissue oxygen levels) or ischaemia (failure of blood flow and hence

delivery of oxygen and glucose). As a result, analyte sources are compromised. In addi-

tion to compromised sources, the utilisation by local sinks is often greatly upregulated.

Therefore, in all cases, analysis of tissue metabolism, by measurement of the intermediate

concentrations in the ECF, can provide important information about the state of the

tissue.
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1.3 Cellular metabolism

1.3 Cellular metabolism

Under normal physiological conditions, glucose and oxygen are delivered to the tissue by

the bloodstream and are removed by cellular metabolism, as shown in figure 1.4.

Glucose

Fructose-1,6-biphosphate

2 Pyruvate + 2 ATP

2 ATP

2 ADP

4 ADP + 2 NAD+

4 ATP + 2 NADH

TCA cycle
 8 NADH + 4CO

34 ATP

Oxidative
phosphorylationO2

AEROBIC CONDITIONS

2 ATP

2 Acetyl-CoA + 2CO2 2

+ 6 H O2

Figure 1.4: Summary of aerobic metabolism. Normal physiological metabolism, when oxygen

levels are su�cient for aerobic metabolism to occur.

Ischaemia is a loss of blood supply to the tissue, such as occurs during vessel occlusion,

for example, during harvest of a transplant organ. This results in a disruption in the

supply of oxygen and glucose to the tissue. The metabolic pathway in the absence of

oxygen is added to the schematic diagram of the aerobic pathway in figure 1.5.

Glucose

Fructose-1,6-biphosphate

2 Pyruvate + 2 ATP

2 Lactate

2 ATP

2 ADP

4 ADP + 2 NAD+

4 ATP + 2 NADH

2 NAD+

2 NADH
Lactate dehydrogenase

TCA cycle
 8 NADH + 4CO

34 ATP

Oxidative
phosphorylationO2

AEROBIC CONDITIONS

ANAEROBIC
CONDITIONS

2 ATP

2 Acetyl-CoA + 2CO2 2

+ 6 H O2

Figure 1.5: Summary of aerobic and anaerobic pathways. Anaerobic metabolism generates

a net product of 2 ATP molecules, whereas aerobic metabolism generates a net product of 36 ATP

molecules.

Failure of oxygen supply, such as during ischaemia or hypoxia, means that metabolism

cannot follow the aerobic pathway summarised in figure 1.5. Production of pyruvate from
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glucose generates 2 ATP molecules and does not require oxygen, but it does require NAD+

and therefore eventually the process would stop if NAD+ is not regenerated. Instead, cells

switch to anaerobic metabolism, converting pyruvate to lactate, which regenerates NAD+,

allowing the pathway to run continuously. However, over time, accumulation of lactate

in the cells results in a decrease in pH, which eventually inhibits glycolysis. As shown

in figure 1.5, the net result of anaerobic metabolism is the production of lactate and 2

molecules of ATP compared with the 36 molecules that would have been produced by the

aerobic pathway.

During ischaemia, glucose supply decreases as a result of the lack of blood supply,

but its consumption by metabolism increases as anaerobic processes are less e�cient than

aerobic processes. Similarly, oxygen supply decreases during ischaemia. In ischaemic

tissue, removal of pyruvate by the tricarboxylic acid (TCA) cycle is no longer possible

because of the lack of oxygen. Pyruvate is instead removed by conversion to lactate by

lactate dehydrogenase, causing an increase in lactate, removal of which decreases because

of the lack of oxygen.

Critically, ischaemia is characterised by a decrease in glucose and an increase in lactate

in the ECS. Measurement of these metabolites in vivo allows us to ‘listen’ to the cells

work in real time.

1.4 Methods of in vivo monitoring

In this thesis I am considering new methods for monitoring transplant organs, free flap

surgery and exercising athletes. The suitability of a particular in vivo chemical measure-

ment method for these applications depends on a number of factors. Tissue ECS consists

of a variety of chemicals, spanning a range of concentrations. Therefore, in vivo chemical

analysis methods are required to meet strict demands in terms of selectivity, sensitivity

and dynamic range (5). As a result of the heterogeneity of tissue, spatial resolution is

important. Moreover, temporal resolution is critical for measurement of dynamic changes.

In addition, for clinical monitoring, the method has to meet strict sterility considerations.

A variety of non-invasive and invasive techniques exist for in vivo monitoring, an overview

of which will be discussed in this section.

Non-invasive in vivo monitoring methods include near-infrared spectroscopy (NIRS),

which can be used for greater depths than can typically be employed with conventional

imaging techniques, as tissue absorption is lower at these wavelengths of light. NIRS mea-

sures oxygen levels via oxyhaemoglobin and de-oxyhaemoglobin levels (6) and therefore

cannot be used to measure levels of other metabolites. Functional magnetic resonance

imaging (fMRI) is another example of a non-invasive monitoring technique. However, this

method has poor spatial resolution and the temporal resolution is not good enough for the
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applications covered in this thesis. Moreover, practical considerations make this method

particularly unsuitable for continuous monitoring of cyclists during exercise, or during free

flap surgery, because of the large equipment that is necessary. One study has gone beyond

conventional magnetic resonance imaging (MRI) techniques, employing nanoswitches for

continuous monitoring of analytes including glucose (7). These nanoswitches maintain an

equilibrium between dispersed nanoparticles (low-T2) and a microaggregate state (high-

T2) that is mediated by binding proteins. The position of the equilibrium is dependent

on analyte concentration. When in the MRI machine, the sensor emits a radio frequency

signal that reflects its chemical environment. An advantage of MRI is that the magnetic

field and emitted radio frequency radiation penetrates tissue well. However, this mon-

itoring method still requires a large MRI machine, which is impractical for continuous

monitoring. In addition, concerns regarding potential toxicity of injected nanoparticles

means that this method is unsuitable for clinical applications.

Optical imaging techniques can provide a versatile and non-invasive method of in vivo

monitoring in clinical practice. Optical coherence tomography (OCT), in which the skin

is irradiated with coherent light and the back-scattered radiation is recorded, has been

used to measure subcutaneous glucose levels (8). However, in this study it was found

that changes in glucose concentration detected by OCT were maximal in the dermis and

that changes were not detected in the epidermis and the upper dermis layers. In addi-

tion, OCT is sensitive to the pressure applied to the probe (9). Fluorescence sensing can

provide a non-invasive/minimally invasive method of analyte detection (10, 11). In par-

ticular, near-infrared fluorescence imaging can achieve greater penetration depths (mm to

cm) than conventional fluorescence techniques (12). Subcutaneously injected fluorescent

nanosensors for detection of glucose and ions have been developed and tested in mice

(13, 14). Nanosized photonic explorers for bioanalysis with biologically localised embed-

ding (PEBBLES) encapsulate an analyte-specific dye and a reference dye within an inert

matrix (15, 16) and provide information regarding intracellular analyte concentrations.

The sensors are encapsulated inside a matrix and are therefore protected from interfer-

ences. As a result of their small size, they do not disrupt the cell environment a great

deal and they o↵er versatility in accommodating di↵erent sensing needs. Studies have

demonstrated their use for sensing glucose (17), oxygen (18, 19), potassium (20), pH and

calcium (21). However, these sensors have several drawbacks, as the cytoxicity of the dyes

may interfere with cellular processes. Moreover, photons can only penetrate tissue to a

finite depth (typically 500 µm), limiting the applicability of these sensors for in vivo use

(22). Imaging agent toxicity is a major concern for these techniques and prohibits their

use clinically.

Implanted methods are still most commonly used for in vivo monitoring. These include

implantable sensors and tissue sampling methods, which will be discussed in more detail
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in the following sections.

1.4.1 Implantable sensors

Implantable sensors have been widely used to measure metabolism in animal models

(23, 24, 25, 26, 27), and subcutaneous needle-type glucose biosensors have been reported

for continuous monitoring of diabetic patients (28, 29, 30, 31, 32).

Implantable biosensors are particularly attractive for in vivo chemical measurements

as they have high temporal (10 ms) and spatial (tens of µm3) resolution, although this

varies depending on the particular sensor and can be considerably lower (33). Their small

size means that tissue damage caused by their insertion is minimal (34, 35). Implantable

sensors have been used to detect a wide range of analytes, including oxygen (25, 36),

lactate (37, 38, 39, 40), glucose (23, 26, 29, 40, 41), pyruvate (40), glutamate (42) and

adenosine (43).

Although guidelines exist for validation of in vivo chemical sensors (44), there are

many challenges associated with implantable sensors (45, 46, 47, 48), such as issues with

selectivity, in vivo calibration, biofouling and sterility. These will be discussed in more

detail below.

Biosensors are used for the detection of non-electroactive chemicals and consist of a

biorecognition element, such as an enzyme, and a transduction component, such as an

electrode (45). Biosensors typically require application of a high potential for amperomet-

ric detection of the enzyme reaction product. However, oxidation of other electroactive

chemicals, such as ascorbic acid, can contribute to the overall signal and can compromise

the accuracy of the measurement. As a result, considerable research has been dedicated

to strategies to minimise electroactive interference (46). Approaches to improve selec-

tivity include coating the electrode with an exclusion film (49, 50, 51), which excludes

interferent molecules on the basis of size or charge, entrapment of ascorbate oxidase and

use of a sentinel electrode for subtraction of interferent signals (24, 52, 53, 54).

A major challenge associated with implantable biosensors is the issue of calibration.

Typically, in vitro calibration of the sensor is carried out before and after implantation in

order to interpret sensor response during implantation. However, these sensors generally

show a significant decay in sensitivity during implantation and therefore in vitro cali-

brations are unlikely to accurately represent the in vivo response of the sensor (46, 55).

The loss in sensitivity is caused by fouling of the electrode surface as a result of adher-

ence of proteins, as shown in figure 1.6, blocking catalytic sites and impeding analyte

di↵usion (56, 57, 58). Over long implantation times (3 days), an inflammatory response

occurs, resulting in encapsulation of the sensor (29, 55, 57), which creates an issue for

long-term stability. Di↵erent approaches have been taken to minimise these adverse tissue
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reactions, including integration of interfaces that resist biofouling and protein adsorption,

co-immobilsiation of the anticoagulant heparin (59) and inclusion of nitric oxide-releasing

membranes (60).

176 µm 200 µm

A B

Figure 1.6: Scanning electron micrography images of tip of glucose sensors. Image taken

from (29). A. Control sensor, soaked in glucose solution, not implanted. B. Non-functioning sensor

after explantation.

Another possible concern for implantable sensors is that depletion of tissue oxygen, as

a result of ischaemia, may a↵ect the sensor response. Studies have shown that biosensors

using glucose oxidase are insensitive to oxygen fluctuations, providing glucose concen-

trations are low (61). For clinical use, sterilisation of implantable biosensors without

damaging the enzyme activity is also an issue (45, 62, 63).

1.4.2 Tissue sampling

An alternative approach to using implanted microsensors is to sample the ECS. Two tissue

sampling methods considered here are reverse iontophoresis and microdialysis.

Reverse iontophoresis has been applied for extraction of glucose and lactate from

human subjects (64). This involves application of a low electric current between two elec-

trodes across the skin, which induces a flow of molecules across the dermis. However, poor

correlation was found between blood levels and extracted levels (64). The Glucowatch

used reverse iontophoresis coupled with ex vivo sensing for continuous glucose monitoring

(65). However, the device was associated with skin irritations and was withdrawn from

the market in 2008.

Alternatively, tissue sampling can be carried out using microdialysis, which is a well-

established clinical technique, in part because of the availability of Food and Drug Ad-

ministration (FDA)-approved and CE-marked sterile microdialysis probes. The technique

is described in more detail in section 1.5.
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Microdialysis classically provides worse temporal and spatial resolution (typically 600

s and 0.1 mm3, respectively) compared with microsensors (33). However, by coupling to

sensitive analytical techniques, the temporal resolution has been greatly improved (33).

In addition, the tissue damage caused by insertion of the microdialysis probe is much

greater than for smaller sensors (34, 35). Microdialysis results in greater flux and removal

of more analyte from the tissue compared with implanted electrodes, although at lower

flow rates this e↵ect is less (see section 1.5.1).

Microdialysis can be coupled to various analytical techniques, including mass spec-

trometry (66), capillary electrophoresis (67, 68) and electrochemical sensors (69). This

allows detection of multiple analytes in one sample with high sensitivity and selectivity.

Sampling of the tissue using a semi-permeable membrane results in exclusion of large

molecules such as proteins, which might otherwise foul the sensor.

A significant advantage with using microdialysis is that analysis is carried out away

from the tissue, removing the need for sterility considerations. Furthermore, the dialysate

samples are free of viruses and prions, so are safe to handle. This has meant that, to

date, microdialysis has dominated clinical practice compared with implanted biosensors.

Microdialysis will be described in more detail in the following section.

1.5 Microdialysis

A microdialysis probe consists of two lengths of concentric microbore tubing, surrounded

by a semi-permeable membrane at the tip. This allows exchange of low molecular weight

molecules between the probe and the extracellular fluid, according to their concentration

gradients (70). The probe is continuously perfused with a physiological solution, which

closely matches the ionic composition of the extracellular fluid, removing any di↵usional

flux of these ions. Perfusion flow rates are typically in the range of 0.1-3.0 µl/min. This

creates a concentration gradient across the membrane for ECF species not in the perfusate

and results in di↵usion of analytes from the ECF across the membrane and into the probe

lumen down their concentration gradient, as shown in figure 1.7 by the pink arrows. This

generates a constant flux of dialysate that can be analysed for compounds of interest.
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Figure 1.7: Microdialysis probe. The inner tube is perfused with a physiological solution, which

flows past the semi-permeable membrane at the tip. Di↵usion of molecules below the molecular

weight cut-o↵ occurs between the probe and the tissue according to concentration gradients. The

dialysate stream flows out of the outlet tubing for analysis. Image from CMA Microdialysis.

1.5.1 Recovery

When a perfused microdialysis probe is placed in a sample, the analyte concentration in

the dialysate (Cout) will be less than that in the sample (Cext). The ratio is known as the

relative recovery (R) and is often expressed as a percentage, as shown in equation 1.7.

R =
Cout � Cin

Cext � Cin

⇥ 100 (1.7)

Where Cin is the concentration of analyte in the perfusion medium, Cout is the con-

centration of analyte in the dialysate and Cext is the concentration of analyte in the

tissue.

The relative recovery depends on a number of factors, including perfusion flow rate,

temperature, membrane size and molecular weight cut-o↵ (71, 72).

The relative recovery of the microdialysis probe can be measured in vitro by placing

the probe into a vigorously stirred solution of known concentration and measuring the

concentration in the dialysate. However, this in vitro measurement of the relative recovery

cannot simply be extended to in vivo measurements as molecules have to di↵use through

the tortuous extracellular environment to reach the probe, compared with the unimpeded

di↵usion of the analyte in vitro (73, 74). Rates of uptake and release mechanisms also

contribute to the deviation of the in vivo recovery from that measured in vitro (75, 76).

This e↵ect is demonstrated in figure 1.8.
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Figure 1.8: Recovery of a microdialysis probe in vitro and in vivo. The dotted line indicates

the concentration profile of analytes in a well-stirred beaker. The red line indicates the concentration

profile in tissue. Image adapted from (73).

Reducing the flow rate at which the probe is perfused leads to a higher relative recovery,

as there is greater time for an equilibrium to be established between the solution inside the

probe and the extracellular fluid. The true tissue concentration in vivo can be measured

by setting the recovery to 100%, either by increasing the membrane size or by reducing

the flow rate (73). Alternatively, a no-net-flux experiment can be used to determine

the extracellular fluid concentration and the probe recovery by varying Cin to determine

the concentration at which there is no overall movement of molecules across the probe

membrane (77). However, this method assumes the recovery is constant but this is not

always the case as a result of tissue damage (75, 76, 78, 79, 80, 81). Finally, the recovery

can be measured in the tissue in real time using a reference compound, as has been done

in the brain using urea (82).

It is possible to calculate the amount of analyte removed from the tissue by a micro-

dialysis probe, using equation 1.8.

J = QC (1.8)

Where J is the flux to the microdialysis probe, Q is the perfusion flow rate and C is

the analyte concentration in the dialysate at the probe outlet.

For a probe perfused at 2 µl/min and a dialysate concentration of 1 mM, the flux is

33 pmol/s. The removal of analyte from the tissue by microdialysis varies with flow rate
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and would be less at lower flow rates. It is interesting to compare the amount of analyte

removed from the tissue using a microdialysis probe with that removed by an implanted

biosensor. This can be calculated using equation 1.9.

J =
i

nF
(1.9)

Where i is the current for a given concentration, n is the number of electrons per

oxidised molecule of hydrogen peroxide and F is the Faraday constant.

For a typical glucose biosensor (see section 3.3), the amount of hydrogen peroxide con-

sumed, which is assumed to be directly proportional to the amount of glucose consumed,

for a 1 mM concentration is 0.927 fmol/s, which is considerably smaller than that removed

using microdialysis. However, because of the di↵erences in size of the two measurement

devices, the amount of glucose per unit area enables better comparison between the two

methods. Factoring in area, the microdialysis probe (0.6 mm outer diameter (OD) mem-

brane, 10 mm length) removes 175 pmols-1cm-2, whereas the glucose biosensor removes

33.1 pmols-1cm-2. Therefore, the microdialysis sampling has a 5-times greater e↵ect on

the tissue being measured than the implanted biosensor.

1.5.2 Tissue damage

Probe insertion results in trauma to the surrounding tissue, including oedema (83), in-

flammation (84, 85) and gliosis (35, 83), as a result of the relatively large dimensions

(clinical microdialysis probes are typically 0.6 mm OD). Studies have shown that tissue

damage is a↵ected by probe dimensions (86), material (83), sterility (87) and perfusion

fluid (88).

Initial studies investigating this tissue damage showed that blood flow and glucose

metabolism decreased during the first 2 hours after probe insertion but returned to near

normal levels within 24 hours (89). As a result, researchers typically allow a period of

stabilisation after probe insertion of 1-24 hours (33, 90).

However, recent studies have shown that ischaemic disruption is still evident 24 hours

after probe implantation, although it is reduced compared with that after 4 hours (35).

In fact, glial encapsulation of the microdialysis probe is still present 5 days after insertion,

as shown in figure 1.9. In another study, tissue disruption was observed up to 1.4 mm

away from the probe site 40 hours after probe insertion (91). Therefore, microdialysis

samples injured tissue, even after a stabilisation period (35).

Interpretation of microdialysis results can be complicated by the tissue damage asso-

ciated with probe insertion. The relationship between dialysate and tissue concentrations

is a↵ected by the thickness of the damaged tissue surrounding the probe (92). However,
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under carefully controlled conditions, microdialysis can still provide valid measurements

(33, 93).

A B

Figure 1.9: E↵ect of microdialysis probe on glial cells. Image taken from (94). Glial cells

were stained with glial fibrillary acidic protein (GFAP) marker and were imaged using fluorescence

microscopy. A. Brain tissue from non-implanted tissue. B. Tissue next to a microdialysis probe

track showing glial barrier formed after 5 days of microdialysis.

1.5.3 O✏ine analysis

Conventional microdialysis involves discrete collection of dialysate samples into microvials

for analysis o✏ine. As a result of the low flow rates used, the time taken to collect su�cient

volume per sample is typically 30-60 minutes. The sample therefore represents an average

of the dialysate levels over the collection period. This method has poor temporal resolution

and leads to a delay in information regarding the condition of the tissue. As a result,

o✏ine microdialysis is not suitable for resolving dynamic metabolic changes.

1.5.4 Online analysis

Online microdialysis o↵ers many advantages over o✏ine methods. Online analysis re-

moves the need for separate sample collection and analysis and facilitates improved time

resolution. Moreover, results can be displayed in real time, which is particularly important

for providing important clinical feedback for sta↵ during hospital monitoring.

Rapid sampling microdialysis (rsMD) has been extensively used to monitor changes in

glucose and lactate levels in the brain (95, 96, 97, 98), bowel (99) and muscle (100) during

surgery and postoperatively. This technique is described in more detail in section 2.3 and

is used in chapters 4-7. It o↵ers improved temporal resolution compared with o✏ine

techniques, as the dialysate flows directly into a flow injection analysis system, enabling

sampling every 30 seconds.
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Recent work in the Boutelle group has led to the development of microelectrode biosen-

sors for online analysis of dialysate. These online biosensors o↵er improved temporal res-

olution compared to rsMD, as they allow continuous measurement of metabolites. Online

biosensors positioned in a PDMS chip have been used in animal studies to monitor glucose

and lactate in brain dialysate (69). Microelectrode biosensors are described in more detail

in section 2.5 and are used in chapters 3, 5, 7 and 8.

The fairly low microdialysis flow rates used results in a lag time between the changes

occurring in the tissue and their detection, as shown in figure 1.10. At a flow rate of 2

µl/min this delay is approximately 12 minutes. Laminar flow inside the long connection

tubing also leads to a smearing of the concentration change, because of Taylor dispersion

(101), which is best characterised by T90 (90% response time). The lag time and response

time (T90) for a concentration change in the fluid stream after it has flowed down 1 m of

connection tubing is demonstrated in figure 1.10.

0

1 m length tubing

0

Lag time

T90

Figure 1.10: Schematic of response caused by 1 m of connection tubing. The slow flow

rate used results in a lag time between the changes occurring in the tissue and their detection. Taylor

dispersion causes a smearing of the concentration change, characterised by the T90 response.

Taylor dispersion occurs as fluid moves slower at the walls as a result of friction, leading

to a non-uniform velocity profile across the cross-sectional area, as shown in figure 1.11A.

This non-uniform velocity profile causes a concentration gradient perpendicular to the

direction of flow, which results in di↵usion of the analyte across the width of the channel,

leading to smearing of the concentration step change, as shown in figure 1.11B.
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Flow

Flow

A

B

Figure 1.11: Taylor dispersion. A. Velocity profile of liquid flow inside the connection tubing.

A concentration step change is shown from white to blue. B. Di↵usion of analyte perpendicular to

the flow leads to smearing of the step change.

1.6 Thesis outline

Common methods and materials are described in chapter 2, together with an overview

of the current rsMD analysis system. Fabrication of combined needle electrodes and the

method for making glucose and lactate biosensors are also described.

Chapter 3 describes the development of analysis methods used throughout this thesis

from the starting point of chapter 2. The performance of the glucose and lactate biosensors

is discussed. It was necessary to extend the dynamic range of the lactate biosensor to make

it suitable for measuring physiological levels, therefore the addition of a di↵usion-limiting

polyurethane film is described. The development of an autocalibration system is discussed,

which was built using LabSmith programmable components. This system can be used with

both the rsMD system and online biosensors in a microfluidic chip. LabSmith components

were also used to develop an in-flow enzyme addition biosensing system for glucose and

lactate. This methodology was used to develop a microfluidic analysis board to monitor

glucose and lactate in two dialysate streams. In proof-of-concept experiments, the in-flow

enzyme addition system was implemented for more complicated analysis systems such as

detection of ATP and pyruvate. Finally, a novel method of collecting dialysate samples in

storage tubing for delayed analysis while retaining temporal resolution is demonstrated.

Chapter 4 describes the use of the rsMD system to monitor lactate levels in porcine

kidneys during two clinical methods of cold preservation, static cold storage and hypother-

mic machine perfusion, and subsequent warming. Dialysate lactate levels are compared

between the two preservation methods and between two regions of the kidney, the cortex

and the medulla. Chapter 5 shows a series of preliminary studies extending this method-
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ology to include monitoring of glucose in addition to lactate and to monitor transplant

organs immediately after retrieval. Preliminary experiments are also presented in which

the online rsMD system is used to evaluate factors that may a↵ect kidney health. In ad-

dition, measurements using discarded human kidneys are described, as well as monitoring

of porcine and human transplant pancreases.

In chapter 6, the rsMD system is implemented for tissue monitoring during free flap

surgery, in which tissue is transplanted from one area of the body to another. Glucose

and lactate levels were measured to observe tissue ischaemia when the blood supply was

cut and a return to normal levels after successful re-attachment at the recipient site.

Metabolite levels were also monitored afterwards during recovery in the intensive therapy

unit (ITU) to identify flap failure in the crucial time period after surgery.

In chapters 7 and 8, a system to monitor subcutaneous metabolite levels in cyclists

during exercise is developed. Chapter 7 describes preliminary experiments using rsMD

and on-chip biosensors to define the scope of the analytical problem. In chapter 8 the

development of a 3D printed microfluidic chip, which connects directly to the outlet of a

microdialysis probe and incorporates glucose and lactate biosensors is discussed. Finally,

a proof-of-concept study is described in which the wearable analysis system is coupled to

wireless potentiostats and is implemented during cycling trials.

Chapter 9 concludes the thesis and describes possible future work.
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Chapter 2

Methods & materials

2.1 Electroanalytical techniques

2.1.1 Cyclic voltammetry

Cyclic voltammetry is a commonly used electrochemical technique, in which the potential

at the working electrode is ramped linearly versus time, at a given scan rate. When the

working electrode potential reaches a set value, the ramp is inverted and the potential is

scanned in the reverse direction. Figure 2.1 shows an example of a cyclic voltammogram

(CV) obtained using a platinum (Pt) disc electrode (50 µm diameter) in 1.5 mM ferrocene

monocarboxylic acid solution (Fc) versus a Ag|AgCl reference electrode, at a scan rate

of 10 mV/s. In this example, as the potential is scanned in the positive direction, Fc

is oxidised to Fc+, giving rise to an increased current. As the potential becomes more

positive the electrode kinetics for the oxidation reaction become more favourable and the

current rises until a maximum is reached. At this potential, the current is controlled by

the rate at which the species can di↵use to the electrode surface from the bulk solution.

As the scan direction is reversed, Fc+ is reduced back to Fc, as the reaction is reversible,

producing a decrease in current.

For macroelectrodes, an oxidation peak in the current is observed, after which the

current falls since the depletion zone around the electrode increases as oxidation proceeds,

and hence the Fc molecules have further to di↵use to reach the electrode surface. A

reduction peak is also observed on the reverse scan. The peak current for a macroelectrode

depends on the di↵usion coe�cient, the bulk concentration of the electroactive species,

the electrode area, the number of electrons transferred in the redox reaction and the scan

rate. This is described by the Randles-Sevcik equation, given in equation 2.1.

ip = (2.69⇥ 105)n
3
2AD

1
2⌫

1
2C (2.1)
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Where ip is the peak current, n is the number of electrons transferred, A is the electrode

area, F is the Faraday constant, D is the di↵usion coe�cient, C is the concentration and

⌫ is the scan rate. The equation assumes the solution is at 25�C.
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Figure 2.1: Cyclic voltammetry. A typical CV obtained using a 50 µm platinum disc electrode

in 1.5 mM Fc solution, scanned at 10 mV/s from -100 mV to 500 mV.

Di↵usion to a macroelectrode takes place normal to the electrode surface, and the

di↵usion layer is small compared with the size of the electrode. However, because of the

smaller dimensions of a microelectrode, edge e↵ects dominate and the di↵usion field is

hemispherical, exceeding the electrode dimensions. This leads to enhanced flux to the

electrode under near steady-state conditions, so that current peaks are not observed, as

shown in figure 2.1. For a microdisc electrode, with radius r, the steady-state limiting

current, Ilim, is given by equation 2.2.

Ilim = 4nFDrC (2.2)

CVs were carried out using a three-electrode system and in-house potentiostats and

were controlled using EChem software (eDAQ, UK). In this thesis cyclic voltammetry is

used to assess the electrodes and their surface characteristics, as described in section 2.5.2.

2.1.2 Amperometry

Amperometry is an electrochemical technique in which the working electrode is held at a

constant potential and the resulting current is measured over time. This technique is used

throughout this thesis to measure the concentration of analytes in a sample. When the

rapid sampling microdialysis (rsMD) system is used, the potential is held at 0 V and the

42



2.1 Electroanalytical techniques

current resulting from the reduction of Fc+ to Fc is measured, as shown in figure 2.6. An

increase in the reduction current corresponds to an increase in analyte concentration. For

non-mediated biosensing mechanisms where the concentration of analyte is proportional

to the concentration of its enzymatic reaction product, hydrogen peroxide, the potential is

held at +0.75 V and the oxidation current is measured. An increase in the oxidation cur-

rent corresponds to an increase in hydrogen peroxide and hence in analyte concentration

in the sample. Amperometric techniques were carried out using a three-electrode system

and in-house potentiostats and were controlled using LabChart software (ADInstruments,

New South Wales, Australia).

Electropolymerisation

Electropolymerisation is an amperometric technique in which a constant potential is ap-

plied to a working electrode placed in a solution of a particular monomer to initiate a

polymerisation reaction. This technique is used throughout this thesis to coat the working

electrode with either a poly(phenol) film or a poly(m-phenylenediamine) (mPD) film, as

described in section 2.5.3. An example of a typical electropolymerisation trace is shown

in figure 2.2.

Figure 2.2: Electropolymerisation. A typical electropolymerisation trace seen during phenol

polymerisation at a 50 µm platinum electrode. The electrode was placed in a solution of 50 mM

phenol in PBS. The potential was held at 0 V for 20s, 0.9 V for 30 min and 0V for 1 min.
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2.2 Microdialysis

2.2.1 Microdialysis probes

Di↵erent microdialysis probes were used for each application. A summary of the probes

used is given in table 2.1. For kidney and pancreas experiments, where sterility was not

an issue, flexible MAB11.35.4 animal probes (Microbiotech, Stockholm, Sweden) were

used. These probes have a 6 kDa molecular weight cut-o↵ and a 4 mm membrane length.

Probes were re-used between experiments, but were checked prior to use to confirm they

were functioning well (see section 4.2). Two microdialysis probes were inserted into each

kidney: one into the cortex and one into the medulla. The cortex probe inlet tubing was

connected to a syringe pump (CMA 400 pump, CMA Microdialysis, Stockholm, Sweden)

and perfused with a physiological solution, T1 (see table 2.2 for details) at 2 µl/min. The

medulla probe inlet tubing was connected to another syringe pump and perfused with T1

solution at 1 µl/min. For pancreas experiments, the probes were perfused at 2 µl/min.

Clinical microdialysis probes were used for monitoring during free flap surgery (CMA

70, MDialysis, Sweden) and during cycling (CMA 63, MDialysis, Sweden) to ensure steril-

ity. These probes both have a 20 kDa molecular weight cut-o↵ and a 10 mm membrane

length. The probe inlet tubing was connected to a portable syringe pump (CMA 107,

MDialysis, Sweden) and perfused with sterile T1 perfusion solution (MDialysis, Sweden)

at 2 µl/min for free flap surgery and at 1-5 µl/min for cycling experiments.

Table 2.1: Summary of microdialysis probes used for each application.

MAB11.35.4 CMA 70 CMA 63

Application kidney/pancreas free flap cycling

Membrane length (mm) 4 10 10

Membrane outer diameter (mm) 0.6 0.6 0.6

Molecular-weight cut-o↵ (kDa) 6 20 20

Membrane material polyethersulphone polyamide polyarylethersulphone

2.2.2 T1 perfusion solution

T1 solution was used to perfuse the microdialysis probes to mimic the tissue ionic con-

centration. The composition of this solution is given in table 2.2. For human studies,

sterile T1 solution (MDialysis, Sweden) was used.
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Table 2.2: Composition of T1 perfusion solution

Chemical Concentration (mM)

Calcium chloride 2.3

Sodium chloride 147

Potassium chloride 4

2.3 Rapid sampling microdialysis (rsMD)

RsMD is a flow injection analysis system that combines sample collection and analysis,

and allows for sampling of metabolites with high temporal resolution in real time. This

system has been used clinically to monitor changes in glucose and lactate levels in the

brain and the bowel during surgery and postoperatively (92, 95, 96, 97, 99).

2.3.1 Injection valve

The dialysate stream is connected to a custom-made 6-port flow injection valve (Valco,

Switzerland), which injects a sample of the dialysate into a stream of mediator and through

the assay at regular intervals. The flow injection valve used initially contained 200 nl

sample loops but, in some cases, when this valve was not available, a 60 nl sample loop

valve was used instead. However, this type of valve was found to fail after repeated use

and after consultation with Valco we designed a new 100 nl dual-internal loop Cheminert

valve, as shown in figure 2.3, which is more suitable for the purpose.

100 nl loop

Cheminert valve

Dialysate

To enzyme 

assays

Waste

Fc

Figure 2.3: RsMD Cheminert flow injection valve. The new Cheminert valve was housed in

a custom-made enclosure. The photograph shows the setup for analysis of glucose and lactate in one

dialysate stream.
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The system can be set up in two configurations depending on the application: the

system can be configured to analyse one dialysate stream for two metabolites or to analyse

two dialysate streams for one metabolite only.

2.3.1.1 One dialysate stream, two analytes

In this configuration, the rsMD system can be used to monitor the dialysate from one mi-

crodialysis probe for both glucose and lactate levels. The outlet of the microdialysis probe

is connected to the sample loop of the 6-port internal loop valve. A high-performance

liquid chromatography (HPLC) pump (Rheos 2000, Flux Instruments, Basel, Switzer-

land) is used to flow a filtered analysis Fc mediator solution (see table 2.5 for details) at

200 µl/min into a T-connector, which splits the stream equally into two analysis loops of

the valve, as shown in figure 2.4. Every 30 seconds a dialysate sample is automatically

injected alternately into one of the two analysis flow streams. Each analysis stream ac-

celerates the dialysate through an enzyme reactor, containing the appropriate enzymes,

to a downstream electrode, which detects a reduction current. The mechanism for this

reaction is described in figure 2.6.

Figure 2.4: RsMD setup for measurement of glucose and lactate in one dialysate stream.

The microdialysis (MD) probe outlet is connected to the sample loop of the flow injection valve. Every

30 s a dialysate sample is injected alternately into each analysis flow stream. The dialysate sample

flows through an enzyme reactor that contains two consecutive membranes, the first loaded with

substrate oxidase and the second with horseradish peroxidase (HRP), to a glassy carbon electrode

held at 0 V. The reactions are mediated by Fc.
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2.3.1.2 Two dialysate streams, one analyte

I developed this configuration for use in the transplant kidney studies (chapters 4 and

5). In this configuration, the rsMD system can be used to simultaneously measure the

metabolite concentration of either glucose or lactate in two dialysate streams. In all cases

where this configuration was used the metabolite that was chosen to be measured was

lactate. The outlet tubing of each microdialysis probe is connected to a separate sample

loop of the flow injection valve, either side of the analysis loop, as shown in figure 2.5. The

Fc analysis solution is pumped by an HPLC pump at 100 µl/min into the analysis loop of

the valve. Every 30 seconds a dialysate sample is injected into the analysis flow stream,

alternating between the two dialysate streams. The dialysate sample is accelerated by the

analysis stream through a lactate enzyme reactor to a downstream electrode that detects

a reduction current, as shown in figure 2.6.

Figure 2.5: RsMD setup for measurement of lactate in two dialysate streams. The

microdialysis (MD) probe outlets are connected to the flow injection valve of the rsMD system,

either side of the analysis loop. Every 30 s a dialysate sample is injected into the analysis flow

stream, alternating between each dialysate stream. The dialysate sample flows through an enzyme

reactor that contains two consecutive membranes, the first loaded with lactate oxidase (LOx) and

the second with horseradish peroxidase (HRP), to a glassy carbon electrode held at 0 V. The reaction

is mediated by Fc.

2.3.2 Enzyme reactors

Dialysate samples are injected into a Fc mediator flow stream and pumped through im-

mobilised dual-enzyme reactors to a downstream electrode for detection of glucose or

lactate. These enzyme reactors consist of two nitrocellulose membranes (6 mm diameter

discs) loaded with enzyme, held inside a reactor made from inline biocompatible filter

components, comprising a stainless steel body and two polyether ether ketone (PEEK)

filter end fittings (IDEX Health & Science, Germany).
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To create the immobilised enzyme membranes each enzyme is dissolved in 1 ml of Fc

buffer according to the concentrations given in table 2.3 and repeatedly filtered through

a nitrocellulose membrane (0.025 μm pore size, 25 mm diameter, Millipore, UK) placed

inside a 25 mm filter holder (Swinnex, Millipore, UK). A ring is placed inside the filter

holder to create a seal, as the process of loading the enzyme into the membrane is done at

high pressure. This ensures the enzyme solution passes through the membrane and does

not leak out. The membrane turns a yellow/brown colour, depending on the enzyme,

once it has been successfully loaded into the membrane. Several 6 mm discs are then cut

from this membrane using a hole punch and are stored in the Fc buffer solution in the

fridge to prevent them from drying out.

In assembling the enzyme reactors, two membranes are placed in each reactor, one

loaded with the substrate oxidase enzyme (SOx), either glucose oxidase (GOx) or lactate

oxidase (LOx), and one loaded with horseradish peroxidase (HRP). The SOx membrane

must be placed so that it is the first membrane in the direction of flow, followed by the

HRP membrane; if the membranes are placed in the wrong order the reaction will not

take place.

When the dialysate sample passes through the first membrane, the SOx catalyses the

oxidation of the substrate, producing hydrogen peroxide. This could be detected electro-

chemically but it would require high electrode potentials and would result in detection

of other chemicals present in the dialysate (102). Instead, the second membrane loaded

with HRP catalyses the reduction of hydrogen peroxide to water (103). The HRP is

regenerated by oxidation of two Fc mediator species, producing ferrocenium ions, which

are detected at the electrode by reduction, producing current peaks. The amplitude of

these peaks is proportional to the concentration of substrate in the dialysate sample (due

to the small sample size). The reaction sequence is shown in figure 2.6.

Dialysate

Substrate

O2

H2O2

H2O2

H2O 2 Fc

2 Fc+ 2 Fc+

2 Fc

SOx

electrode

0V

2 e-

HRP

Product

Figure 2.6: Reaction sequence occurring within the immoblised enzyme bed. The

dialysate sample is mixed with the Fc and is pumped through two membranes loaded with enzyme,

the first with the SOx and the second with HRP. The enzymatic reactions result in the production

of 2 ferrocenium ions (Fc+), which are detected at the glassy carbon electrode by reduction at 0 V.

The concentration of each enzyme used to load into the enzyme membranes is given
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in table 2.3. All enzymes were purchased from Sekisui Diagnostics (Kent, UK).

Table 2.3: RsMD membrane enzyme concentration

Enzyme Activity (units mg-1) Concentration (mg ml-1)

Glucose oxidase (GOx) 244.9 1

Lactate oxidase (LOx) 37 2

Horseradish peroxidase (HRP) 224.9 0.5

2.3.3 Radial flow cell

The electrodes used for detection of the substrate consist of a three-electrode system

housed inside a radial flow cell (Unijet, BASi, USA). The flow from the enzyme reactor

passes through the stainless steel jet counter electrode to the 3 mm diameter glassy carbon

working electrode opposite. An Ag|AgCl reference electrode is also embedded next to the

working electrode. The working and counter electrodes are separated from each other by

a 16 µm Teflon gasket.

2.3.4 The clinical trolley

The clinical trolley is used in the hospital to hold all the equipment required for the rsMD

system. An example of the trolley used for monitoring transplant organs is shown in fig-

ure 2.7. The trolley has several shelves to hold the equipment, including the HPLC pump,

PowerLab and uninterruptible power supply (UPS), as well as the necessary solutions. A

box is attached to a moveable arm that holds the flow injection valve, enzyme beds and

potentiostats. This also acts as a Faraday cage.

2.3.5 Calibrating the rsMD system

The system was calibrated at regular intervals by manually injecting known concentra-

tions of glucose/lactate standards into the flow injection valve using a 100 µl Hamilton

glass syringe. These injections are seen as current peaks, the amplitude of which is pro-

portional to the concentration of substrate in the sample (due to the small sample size).

A calibration curve can therefore be created, relating current to concentration for each

substrate.
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UPS

PowerLab

HPLC pump

Valve and enzyme 

reactors in Faraday cage

Figure 2.7: The clinical trolley. This holds all the equipment required for the rsMD system.

2.3.6 Data acquisition and analysis

Data presented in chapters 4 and 5 were collected using a PowerLab 8/30 data acquisition

unit (ADInstruments, New South Wales, Australia) and Chart 5.6 software (ADInstru-

ments, New South Wales, Australia) running on a Powerbook G4 portable computer

(Apple Computers, Cupertino, CA). Data presented in chapter 6 were collected using a

PowerLab 8SP and Chart 5.6 software running on a Macbook Pro portable computer.

Data presented in chapter 7 were collected using a PowerLab 16/35 and LabChart 7

software running on a Macbook Pro portable computer. Although the PowerLab 8SP is

compatible with LabChart 7, when run together the output voltage, which is necessary

to switch the flow injection valve, is not supplied. Therefore, when using the PowerLab

8SP, it is necessary to collect data using Chart 5.6. However, when used with a PowerLab

8/30 or 16/35, LabChart 7 does apply the necessary output voltage.

Typically, reduction current peaks were inverted for convenience. Raw rsMD data were

processed in MATLAB (MathWorks, USA) using algorithms previously developed in the

group to remove common artefacts such as baseline ripples and spikes and to identify
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the peaks (104). The current peaks were then converted into analyte concentrations

using the appropriate calibration curve. This concentration data were then exported to

the graphical package Igor Pro (WaveMetrics, USA) to plot the data and to carry out

statistical analysis.

2.3.7 Storage tubing

In some experiments, where online analysis was not possible, dialysate was collected

in fine-bore Portex tubing (0.4 mm internal diameter, Smith Medical, UK) for o✏ine

analysis. This enabled samples to be collected while retaining temporal resolution for

analysis at a later time. For flow rates of 2 µl/min, 63 minutes of dialysate could be

collected per 1 m length and, at 1 µl/min, 126 minutes per 1 m length. The ends of each

of these lengths of storage tubing were melted to seal them so that the dialysate samples

were not lost. They were then stored in the fridge or freezer until they could be analysed.

The original direction of flow was noted so that the tubing could be ‘played back’ as if in

real time.

2.4 Microfluidic polydimethylsiloxane (PDMS) chip

fabrication

Microfluidic chips were fabricated out of polydimethylsiloxane (PDMS, Sylgard 184, Dow

Corning, USA), using a master previously fabricated in the group by photolithography.

The same master can be re-used multiple times. The PDMS silicone elastomer and curing

agent were thoroughly mixed in a 10:1 ratio by weight. The PDMS mixture was poured

over the master to a height of approximately half a centimetre. The remaining mixture

was poured into a clean petri dish and left to de-gas naturally to be used later as the

base. The PDMS in the master was de-gassed using a desiccator. Any air bubbles that

remained on the surface after de-gassing were gently removed by blowing air over them

using a pasteur pipette. The master was cured in the oven at 65�C for 1 hour. After

it had been cured, the PDMS was gently peeled o↵ from the master and cut into single

chips using a scalpel. Holes were punched into the PDMS chips for the electrodes and the

connection tubing using a blunted needle (20 gauge (20 G) for 1/32” outer diameter (OD)

tubing and 25 G electrodes, and 22 G for 360 OD µm tubing and 27 G electrodes). The

PDMS base was partially cured at 65�C for approximately 12 minutes. This was tested

using a piece of fully cured PDMS; the base should be tacky to touch so that a slight

imprint is left from the piece of fully cured PDMS, but not too runny or the channels will

be filled when the chips are placed on top. The chips were then placed channel-side down

onto the semi-cured base. The two parts were cured together at 65�C overnight.
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2.5 Microelectrode biosensors

2.5.1 Needle electrode fabrication

Combined needle electrodes developed previously in the group (69, 105) were used for

placement in a miniaturised flow cell. These needle electrodes incorporate all three elec-

trodes needed for an electrochemical cell, the working electrode (WE), the reference elec-

trode (RE) and the counter electrode (CE), as shown in figure 2.8.

WE

CERE

Figure 2.8: Combined needle electrode. 27 G hypodermic needle, which contains a 50 µm

platinum wire for the working electrode (WE) and a 50 µm silver wire, is sealed with epoxy resin

and polished flat to give disc electrodes. The silver wire is chloridised to give a Ag|AgCl reference

electrode (RE) and the stainless steel needle shaft serves as the counter electrode (CE).

A 50 µm diameter polytetrafluoroethylene (PTFE) insulated platinum/iridium (90%:10%)

wire (Advent Research Materials, UK) was threaded through a 27 G hypodermic needle

to serve as the working electrode. A 50 µm diameter polyester insulated silver wire was

also threaded through the same needle to be converted into a Ag|AgCl reference elec-

trode. The insulation layer was removed from the ends of the wires using a small flame

to expose the metal. The ends of the two wires were each connected to an electrical wire

using conductive silver epoxy glue (RS Components, UK) and were cured overnight at

room temperature or at 65�C for 1 hour. Crimp pins (Farnell, UK) had previously been

soldered onto the other end of these electrical wires to make the connection to the poten-

tiostats. Fast-drying epoxy adhesive (RS Components, UK) was used to secure the two

wires on opposite ends of the needle barrel so as to ensure the two wires were not con-

nected. This also ensured that the wire joins, which could be fragile, were secured inside

the needle barrel. Finally, the needle was filled with epoxy resin (Robnor resins, CY1301

and HY1300) to strengthen the combined electrode and to secure the wires in place. The

resin and hardener were mixed together in a 3:1 ratio by volume and sonicated to ensure
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they were thoroughly mixed. The mixture was then placed in a desiccator to remove any

air bubbles formed during mixing. A second hypodermic needle was connected to each

needle electrode by a piece of tubing and was used to fill the internal volume of the needle

with the epoxy resin, ensuring all air bubbles were removed from the needle barrel. The

needles were left connected together and were secured in an upright position, with the

filling needle placed slightly higher than the needle electrode to ensure the epoxy resin did

not leak out before it had cured. The needles were then left to cure at room temperature

for two days.

Once the epoxy resin was cured, the tip of the needle was sanded down using P1200

sandpaper (Buehler, UK) to just above the bevel of the needle to create silver and plat-

inum disc electrodes. The blunt needle was then polished with two additional grades

of sandpaper, P2500 and P4000 (Buehler, UK). For each grade of sandpaper, the elec-

trode was held perpendicular to the paper and was moved in a figure of eight motion

50 times, before rotating the needle 90�. This process was repeated another three times.

After rough polishing with the sandpaper, the electrode was then polished with alumina

slurries. A 1 µm alumina slurry was used, following the same method as described for

polishing with sandpaper. The electrodes were then rinsed with deionised water and son-

icated for 1 minute to remove any particles from the electrode tip. This process was then

repeated using a 0.3 µm and finally a 0.05 µm alumina slurry. The electrode surface

was characterised with an external reference electrode using cyclic voltammetry and the

polishing process was repeated until a satisfactory CV was achieved (see section 2.5.2).

To create the counter electrode, an electrical wire was wound around the outside of the

hypodermic needle and secured in place using conductive silver epoxy (RS Components,

UK). This was cured overnight at room temperature or at 65�C for 1 hour. As with

the electrical wires for the working and reference electrodes, a crimp pin was previously

soldered to the other end of the electrical wire to make the connection to the potentiostats.

Finally, in order to create the Ag|AgCl reference electrode, the tip of the needle was

dipped into a potassium dichromate reference solution (BASi, US) for 3 seconds and

then into a solution of diluted 37% hydrochloric acid (1 in 10 dilution) for 20 seconds

to remove the oxide layer from the working and counter electrodes. The electrode tip

was then thoroughly rinsed with deionised water, as the hydrochloric acid can erode the

stainless steel needle shaft.

On some occasions a larger diameter working electrode was required. In this case, a 127

µm perfluoroalkoxy polymer resin (PFA)-insulated diameter platinum/iridium (90%:10%)

wire (Advent Research Materials, UK) inside a slightly larger 25 G needle was used

instead.
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2.5.2 Electrode characterisation

Following fabrication, all electrodes were characterised by carrying out a CV in Fc so-

lution. The potential applied to the working electrode was scanned from -100 mV to

500 mV, compared with a Ag|AgCl reference electrode, and the corresponding current

recorded. Information about the electrode can be obtained using this technique. Elec-

trodes were also characterised in this way each time after re-polishing.

Electrode surface characterisation

The shape of the CV, as well as the steady-state oxidation current produced, can be used

to assess the area of the electrode and to verify that the electrode characteristics are satis-

factory after polishing. An example of a typical CV in 1.5 mM Fc solution, at a scan rate

of 10 mV/s for a 50 µm platinum disc electrode, was previously shown in figure 2.1. Using

equation 2.2, the theoretical limiting current for a 50 µm disc electrode in 1.5 mM Fc is

found to be 8.29 nA (D is 5.73 x 10-6 cm2s-1 (106)). In practice, the observed current may

di↵er from the theoretical value as a result of uneven polishing, leading to an electrode

surface that is not a perfect disc or that is uneven.

On occasions, during polishing silver atoms can be transferred onto the platinum

working electrode. This can be identified by performing a CV in Fc solution, as shown

in figure 2.9A; if silver atoms are present on the working electrode, the CV exhibits a

peak at ±65 mV. In some cases, sonication can remove the silver atoms from the working

electrode, but in most cases, re-polishing is required.
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Figure 2.9: Examples of poor electrode characteristics. The working electrode potential was

scanned from -100 mV to 500 mV and then reversed for a 50 µm diameter platinum disc electrode.

The CVs were carried out in 1.5 mM Fc at 10 mV/s. A. The peaks at ±65 mV indicate that silver

atoms are present on the working electrode. B. The CV has high capacitance, indicating that the

electrode surface is not clean.

An example of a CV with high capacitance is shown in figure 2.9B, where there is a

large di↵erence in the current observed on the forward and backward scans. This indicates
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2.5 Microelectrode biosensors

that the electrode surface is not clean and thorough polishing is necessary to reduce the

capacitance.

Reference electrode characterisation

Repeated polishing can result in removal of the Ag|AgCl layer on the silver wire, lead-

ing to an unstable reference electrode. In this case, the silver wire would need to be

re-chloridised, as described in section 2.5.1. The reference electrode can be tested by per-

forming a CV in Fc solution, as described above. As shown in figure 2.10, if the reference

electrode has begun to fail, the potential at which oxidation and reduction occurs will be

shifted to the right or the backward scan will cross over the forward scan.
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Figure 2.10: CVs obtained when the reference electrode has shifted. The working electrode

potential was scanned from -100 mV to 500 mV and then reversed for a 50 µm diameter platinum

disc electrode with a failed Ag|AgCl reference electrode. The CVs were carried out in 1.5 mM Fc

at 10 mV/s. A. Oxidation and reduction peaks are shifted to higher potentials. B. Backward scan

crosses over forward scan. Both CVs indicate that the reference electrode needs to be re-chloridised.

2.5.3 Biosensor fabrication

Glucose and lactate biosensors were created using two methods, described below. In

both cases, either glucose oxidase (GOx) or lactate oxidase (LOx) was immobilised onto

a combined needle electrode for selective and sensitive detection of glucose and lactate,

respectively.

2.5.3.1 Poly(phenol) glucose biosensors

Glucose biosensors were initially fabricated using electropolymerisation, previously devel-

oped in the group (69). Using this method, GOx was entrapped in a poly(phenol) film on

the working electrode. The electrode was placed in a solution containing 50 mM phenol

and 4 mg/ml GOx (Sekisui Diagnostics, Kent, UK) in 0.01 M phosphate bu↵ered saline

(PBS, pH 7.2) and allowed to stabilise for 10 minutes. The working electrode was held at

55



2. METHODS & MATERIALS

0 V for 20 s and polarised to 0.9 V for 30 minutes in order to begin electropolymerisation

of the film, followed by a further 1 minute at 0 V. The needle tip was gently rinsed with

deionised water and stored overnight at 4�C before use. Cyclic voltammetry in Fc solution

was carried out to ascertain whether the electropolymerisation had been successful. In

this case, the polyphenol film should act as a barrier, preventing the Fc molecules from

reaching the electrode surface to be oxidised. Therefore, the characteristic oxidation and

reduction peaks should not be visible, as shown in figure 2.11.

Figure 2.11: CV of a bare electrode and after coating with poly(phenol). The working

electrode potential was scanned from -100 mV to 500 mV and then reversed for a 50 µm diameter

platinum disc electrode. The CV was carried out in 1.5 mM Fc at 10 mV/s. The solid and dotted

lines show the CVs obtained before and after coating with poly(phenol), respectively.

2.5.3.2 Hydrogel biosensors

Glucose and lactate biosensors were also fabricated by entrapment of the enzyme in a

hydrogel film, using a standard method developed in the group, based on that described

by Vasylieva et al (107, 108). Further development of this method for the applications

described in this thesis is discussed in section 3.3. The working electrode was initially

coated with a poly(m-phenylenediamine) (mPD) exclusion layer in order to stop any

potential interferents reaching the electrode where they could be oxidised. This was done

by electropolymerisation in a 100 mM solution of mPD in 0.01 M PBS (pH 7.4). The

working electrode was held at 0 V for 20 s and then polarised to 0.7 V for 20 minutes for

electropolymerisation to occur. The electrode was then held at 0 V for a further 5 minutes

to allow the film to stabilise. The needle tip was gently rinsed with deionised water before

testing that the electropolymerisation step has been successful by cyclic voltammetry in
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Fc solution. If the electropolymerisation has been successful, the Fc molecules would not

be able to reach the electrode surface, as they are blocked by the exclusion film, and

therefore the characteristic oxidation and reduction peaks should not be seen, as shown

in figure 2.12.

Figure 2.12: CV of a bare electrode and after coating with mPD. The working electrode

potential was scanned from -100 mV to 500 mV and then reversed for a 50 µm diameter platinum

disc electrode. The CV was carried out in 1.5 mM Fc at 10 mV/s. The solid and dotted lines show

the CVs obtained before and after coating with mPD, respectively.

In cases where the CV prior to electropolymerisation showed high capacitance, as in

the example shown in figure 2.9B, electropolymerisation tends to be unsuccessful. This

emphasises the importance of thorough electrode polishing and of carrying out a CV

beforehand to check the electrode surface characteristics. After successful electropoly-

merisation, the electrode was dipped into an enzyme hydrogel solution in 0.01 M PBS

(pH 7.4) for 30 s. Table 2.4 shows the composition of this solution.

Table 2.4: Composition of enzyme hydrogel solution

Chemical Concentration

Enzyme (GOx or LOx) 60 mg/ml

Bovine serium albumin (BSA) 30 mg/ml

Poly(ethylene glycol) diglycidyl ether (PEGDE) 60 mg/ml

Glycerol 2%

In order to use these biosensors in a microfluidic chip, it was found that they were less

susceptible to damage if the hydrogel layer was only on the tip of the needle and not on
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the sides of the needle. In order to achieve this, 5 µl of the hydrogel solution was placed

on a glass slide and the needle tip was slowly brought down towards the drop until the

solution came up to touch the needle, where it was held in place for 30 s. To improve the

reproducibility of this step, a micro-manipulator was used to dip the needle electrodes into

the hydrogel solution, as shown in figure 2.13. After dipping, the needles were secured

upside down, in order to keep the film as thin as possible, at 55�C for 2 hours. Biosensors

were stored at 4�C for short-term storage, and at -20�C for longer-term storage.

Figure 2.13: Dip-coating needle electrode in enzyme solution using micro-manipulator.

The needle electrode is slowly lowered until the solution just touches the tip of the needle and is held

in place for 30 s.

2.5.4 Calibrating biosensors

In all cases, biosensor characteristics were assessed by calibration. The working elec-

trode was held at 0.75 V compared with a Ag|AgCl reference electrode using an in-house

potentiostat. Data were collected using a PowerLab 8/35 data acquisition unit (ADIn-

struments, New South Wales, Australia) and LabChart 7 software (ADInstruments, New

South Wales, Australia) running on a Macbook Pro portable computer (Apple Computers,

Cupertino, CA).

Unless otherwise stated, the biosensor was placed in a 10 ml stirred solution of 0.01 M

or 0.1 M PBS (pH 7.4) for glucose and lactate, respectively. The biosensors were allowed

to stabilise before aliquots of a concentrated substrate solution were added using a Gilson

pipette. Step changes in current corresponding to increasing substrate concentration

were used to construct a calibration curve for the biosensor, which was fitted with either
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a Michaelis-Menten curve or with the Hill equation in Igor Pro (WaveMetrics USA) in

order to assess the kinetics of the immobilised enzyme.

2.5.5 Wireless potentiostats

In chapter 8, wireless potentiostats were used to control glucose and lactate needle elec-

trode biosensors. These potentiostats were designed and fabricated by Mr Chu Wang.

They consist of a transmitter and a receiver module, as shown in figure 2.14. The trans-

mitter module consists of 4 layers: layer 1 contains a 2-channel potentiostat, supplying a

constant -0.7 V to the reference electrode, layer 2 is the Bluetooth module (RN42, Mi-

crochip, US), layer 3 contains the analog-to-digital converters (ADS1298, Texas Instru-

ments, US) and layer 4 contains a microprocessor (Arduino DUE development board).

The receiver module contains 3 layers: layer 1 is the Bluetooth module (RN42, Microchip,

US), layer 2 contains the analog-to-digital converters (DAC7634, Texas Instruments, US)

and layer 3 contains a microprocessor (Arduino DUE). As such, this system is capable of

wirelessly sending 16-channel data. In chapter 8, only 2 channels of data were used, but

the system could be extended to include more potentiostat layers.

Figure 2.14: Wireless potentiostat system. The wireless potentiostats consist of a transmitter

and a receiver module, both constructed in a stacked configuration. The transmitter module consists

of 4 layers: 2-channel potentiostat, Bluetooth module, analog-to-digital converter and microprocessor

layers. The receiver module consists of 3 layers: Bluetooth module, analog-to-digital converter and

microprocessor layers. Figure courtesy of Chu Wang.

2.6 Common solutions and standards

All chemicals were obtained from Sigma-Aldrich (UK) unless otherwise stated.
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2. METHODS & MATERIALS

2.6.1 Ferrocene monocarboxylic acid (Fc) bu↵er solution

Ferrocene monocarboxylic acid (Fc) bu↵er was used to mediate the enzyme reaction in

the rsMD system. It was also used as a redox couple for cyclic voltammetry experiments

to test electrodes and to assess their surface characteristics. The composition of this

solution is given in table 2.5.

For use with the rsMD system the solution was filtered with membrane filters (0.1 µm

and 0.02 µm 47 mm Anodisc, Whatman International Ltd) to remove any undissolved

particles that could potentially block the fine-bore tubing. 200 µl 5-chloro-2-methyl-4-

isothiazoline-3-one (Kathon CG, Rohms and Hass) per litre of Fc bu↵er was also added

as an antibacterial agent.

Table 2.5: Composition of ferrocene monocarboxylic acid (Fc) bu↵er solution

Chemical Concentration (mM)

Ferrocene monocarboxylic acid (Fc) 1.5

Ethylenediaminetetraacetic acid (EDTA) 1

Sodium citrate 100

Sodium chloride 150

2.6.2 Phosphate bu↵ered saline

To make up 0.01 M phosphate bu↵ered saline (PBS), 1 PBS tablet (Sigma-Aldrich, UK)

was dissolved in 200 ml of deionised water. For 0.1 M PBS, the solution was made as

described in table 2.6. The pH was adjusted to 7.4 using 0.1 M sodium hydroxide.

Table 2.6: Composition of 0.1 M PBS solution

Chemical Concentration (mM)

Sodium phosphate dibasic (Na2HPO4) 77.4

Sodium phosphate monobasic (NaH2PO4) 21.2

Sodium chloride 150

2.6.3 Substrate standards

Glucose and lactate rsMD calibration standards were dissolved in deionised water or T1

physiological solution. As the sample was injected into a much larger volume of Fc bu↵er,

the background solution was not important. For biosensor calibrations, standards were

dissolved in T1 solution or in PBS.
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Chapter 3

Clinical analysis system for dialysate

metabolites

This chapter will describe the development of the analysis methods that will be used in

this thesis, in the following chapters.

3.1 Introduction

3.1.1 Biosensors

Biosensors consist of a biorecognition element, such as an enzyme, and a transduction

element, such as an electrode, typically in direct contact (45). Biosensors are classified

into three categories according to their mode of operation. A brief summary of each gen-

eration will be described here.

First-generation biosensors

First-generation biosensors detect the product of the enzyme-substrate reaction directly

at the electrode. For instance, a first-generation glucose biosensor is one in which glucose

oxidase (GOx) is immobilised on the surface of the electrode. Glucose reacts with the en-

zyme producing hydrogen peroxide, which is detected at the electrode by oxidation. As a

result, these biosensors require a continuous supply of oxygen. The current observed is re-

lated to the concentration of glucose and for low concentrations is proportional. The main

drawback with this approach is that there are several electroactive interferent molecules,

such as uric acid, ascorbic acid and acetaminophen, that could also be oxidised at the

high potentials used. The hydrogel biosensors presented in section 3.3 are examples of

first-generation biosensors. The in-flow enzyme addition mechanisms described in sec-

tion 3.5 are examples of distributed first-generation biosensors.
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3. CLINICAL ANALYSIS SYSTEM FOR DIALYSATE METABOLITES

Second-generation biosensors

Second-generation biosensors use a synthetic mediator, such as ferrocene monocarboxylic

acid, to carry electrons from the enzyme to the electrode surface and to regenerate the

enzyme. Using this approach, the reaction mechanism is not dependent on a constant

supply of oxygen. In addition, the mediator can be selected so that it undergoes fast

reaction kinetics and can be detected at a potential at which other electroactive species

do not react. The enzyme reactors used in rapid sampling microdialysis (rsMD) are

examples of distributed second-generation biosensors.

Third-generation biosensors

Third-generation biosensors are based on the direct transfer of electrons between the

enzyme and the electrode surface. Studies of direct electron transfer approaches include

using conducting organic salts such as the charge transfer complex tetrathiofulvalene-

tetracyanoquinodimethane (TTF-TCNQ) (109, 110) (although there is some debate as

to whether this is a true third-generation biosensor (111, 112)), redox-wired enzymes

(113, 114) or oxidised boron-doped diamond electrodes (115). Direct electron transfer

allows much lower potentials to be applied, which removes issues of interference. However,

for most oxidase enzymes the distance between the redox centre of the enzyme and the

electrode is too great for e�cient tunnelling of electrons between the two.

3.1.2 Enzymes

Glucose oxidase

Glucose oxidase (GOx) is a flavoprotein that catalyses the oxidation of glucose and is

typically isolated from Aspergillus niger. It is a homodimer, consisting of two identical

80 kDa subunits, containing two non-covalently bound flavin adenine dinucleotide (FAD)

coenzymes, which act as electron carriers (116). The structure at 1.9 Å is shown in

figure 3.1. Its dimensions are 6.75 x 6.75 x 21.54 nm (117).

GOx catalyses the oxidation of D-glucose to D-gluconolactone, as described in equa-

tion 3.1.

C6H12O6 +O2 �! C6H10O6 +H2O2 (3.1)

The proposed mechanism for this reaction is shown in equation 3.2 (118).

Eox + S �*)� EoxS �! Ered + P (3.2a)

Ered +O2 �! Eox +H2O2 (3.2b)

62



3.1 Introduction

Where Eox and Ered represent the oxidised and reduced forms of the enzyme, respec-

tively, S and P represent the substrate and product, respectively, and EoxS represents the

enzyme-substrate complex.

The product of the reaction, hydrogen peroxide, can be electrochemically detected and

its concentration is directly proportional to the concentration of glucose. The reported

Km of GOx is 30 mM, according to the Genzyme data sheet.

Figure 3.1: Structure of glucose oxidase. The light and dark blue regions show the two subunits

and the pink regions represent the FAD coenzymes (119).

Lactate oxidase

Lactate oxidase (LOx) belongs to a family of flavin mononucleotide (FMN)-dependent

↵-hydroxy acid-oxidising enzymes. The structure of LOx from Aerococcus viridans has

been solved and the active site was shown to be located around the FMN (120, 121).

The asymmetric LOx unit contains 2 tightly packed tetramers, each unit of which has a

molecular weight of 41 kDa and forms a biologically active unit. The dimensions of LOx

are 11.73 x 13.47 x 18.56 nm (120) and the structure is shown in figure 3.2.
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Figure 3.2: Structure of lactate oxidase. Ribbon representation of the LOx tetramer (half of

the asymmetric unit), with each monomer shown in a di↵erent colour (120).

LOx catalyses the oxidation of lactate to pyruvate, as shown in equation 3.3.

C3H5O3 +O2 �! C3H3O3 +H2O2 (3.3)

The reaction mechanism is complex and has been characterised as a ping-pong mech-

anism (122). In this reaction scheme, the enzyme is initially reduced, converting lactate

to pyruvate. The reduced form of the enzyme then reacts with an electron acceptor, O2,

leading to the formation of hydrogen peroxide, as described in equation 3.4.

Eox + S �*)� EoxS �*)� EredP �*)� Ered + P (3.4a)

Ered +O2 �! Eox +H2O2 (3.4b)

As with GOx, the concentration of hydrogen peroxide, which can be electrochemically

detected, is directly related to the lactate concentration. Recombinant LOx is used in

this thesis. According to the Genzyme data sheet, the reported Km of LOx is 0.7 mM.

Horseradish peroxidase

Although not used in this chapter, horseradish peroxidase (HRP) is used throughout this

thesis in the enzyme reactors used for the rsMD system, as described in section 2.3.2.

HRP is a haem-containing enzyme, with dimensions of 4.03 x 6.77 x 11.7 nm (123). The

structure is shown in figure 3.3.
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Figure 3.3: Structure of horseradish peroxidase. Ribbon representation of HRP, obtained

from protein data bank (123).

The reaction mechanism is complex and is explained in detail elsewhere (124). The

reaction mechanism is summarised in figure 3.4.

H O2     2

HRP HRP ll

HRP l
H O2     Sred

Sox

Sred
Sox

k1
H O2    2 k2

S

k3
S

Further
reduction

cycles

Figure 3.4: Summary of HRP mechanism. Adapted from (124). HRP reacts with hydrogen

peroxide to produce HRP I, which is reduced back to HRP in two steps via HRP II by reaction with

two oxidised acceptor molecules, S (purple). An alternative pathway is possible (orange) where HRP

I continues to react with hydrogen peroxide by electron transfer from the protein part of the same

or another HRP molecule.
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HRP in its native state consists of a catalytic haem group containing Fe(III) and the

surrounding protein. Reduction of hydrogen peroxide results in production of HRP I,

with the haem group in a +5 oxidation state. Reduction of HRP I back to HRP occurs

in two steps; firstly, HRP I is reduced to HRP II, which has a +4 oxidation state, after

which HRP II is reduced to HRP. In total, one hydrogen peroxide reacts with HRP to

give two oxidised acceptor molecules, S.

However, Sanz et al. have shown that the reaction of hydrogen peroxide with HRP can

take place in the absence of an external substrate by transfer of electrons from the proteic

part of either the same HRP molecule or another HRP molecule to the haem group (124).

After the first reaction, HRP I can continuously react with hydrogen peroxide until the

proteic part is unable to transfer more electrons to the haem group, which slows down the

overall reaction rate. As k1H2O2 is very fast, high levels of H2O2 can lead to population

of other activated states derived from HRP I, and hence to a reduction in e�ciency of

generating Sox.

3.1.3 Enzyme kinetics

The activity of most enzymes can be described using Michaelis-Menten kinetics. The

rate of catalysis (V ) is defined as the number of moles of product formed per second.

At low substrate concentrations ([S ]), the reaction rate increases almost linearly with

increasing substrate concentration. However, above a certain substrate concentration, the

reaction rate begins to plateau until the maximum rate is reached (Vmax). At this point,

the reaction rate is independent of increasing substrate concentrations. The Michaelis-

Menten constant, Km, is the substrate concentration at which the reaction rate is half of

its maximum value. The Michaelis-Menten formula is described in equation 3.5.

V =
Vmax[S]

Km + [S]
(3.5)

Allosteric enzymes, which contain multiple active sites or subunits, do not obey

Michaelis-Menten kinetics. For these enzymes, binding of a substrate to one active site

can a↵ect the properties of the other active sites in the same enzyme molecule. This can

result in cooperative binding, in which binding of the first substrate facilitates substrate

binding to other active sites. In addition, in some cases, enzyme activity can also be af-

fected by binding of regulatory molecules to non-catalytic sites. For these enzymes, their

activity can be described by the Hill equation, which is shown in equation 3.6.

66



3.2 Autocalibration

I =
Vmax

(1 + (Km
[S] ))

↵
(3.6)

Where I is a measure of the reaction rate and ↵ represents the deviation fromMichaelis-

Menten kinetics. When ↵ = 1, the Hill equation is equivalent to the Michaelis-Menten

equation.

The Hill equation is widely used to fit biosensor calibration curves (125). In particular,

GOx and LOx kinetics for glucose and lactate biosensors, respectively, have been shown

to fit the Hill equation (126).

3.2 Autocalibration

In clinical situations, monitoring continues for long periods of time. As a result, it is

critical to regularly calibrate to ensure that the results obtained are accurate. With the

current systems, this requires someone to be present to calibrate the system, which is not

always possible. Therefore, a system which could automatically calibrate itself would be

a considerable improvement.

I have been part of group e↵ort within the biosensors group to develop an autocalibra-

tion system using LabSmith (California, US) programmable syringe pumps and valves.

The LabSmith components used are described in figure 3.5.

The devices are controlled using Windows uProcess software or C++ drivers. Auto-

mated sequences are programmed for automatic coordinated control of several devices at

the same time.

The autocalibration boards developed can be integrated with the rsMD analysis system

as well as with on-chip biosensors. The basic setup of the autocalibration board is the

same for both analysis systems and will be described in the following section.
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Item

Syringe pump

Valve

Image

Valve manifold

Reservoir

Breadboard

Icon

N/A

N/A

Interconnect

Electronic interface 
board (EIB)

N/A

Specifications

Three-port two-position valve or four-port two-position 
valve. Zero dead volume. For use with 360 µm or 
1/32” OD tubing. Switch time of 0.4 s.

Required to automatically control the automated 
valves. One manifold can control up to 4 valves.

Simultaneously operate up to 10 uDevices (valves
and syringe pumps) or up to 100 devices sequentially.
RS-232 interface.

1.1 ml fluid reservoir. Four ports for LabSmith CapTite 
one-piece fittings.

Volume: 20 µl. Flow rate range: 0.2-1100 µl/min. Step 
size: 0.033 µl. Dispenses at fixed flow rate (~1% 
accuracy) or fixed volume (~1% accuracy).

Integrated connectors for uDevices. 1/4” through-hole
spacing for mounting valves and interconnects.
Two sizes:
5-device, 185 x 132 mm.
8-device, 254 x 229 mm.
Interconnect tee or cross for use with 360 µm OD 
capillary or 1/32” OD tubing via CapTite one-piece 
fittings. Interconnect unions to connect 360 µm OD
capillary to 1.32” OD tubing. Can be mounted to 
breadboards.

Figure 3.5: LabSmith components. These components were used in the development of an

autocalibration system.

3.2.1 Autocalibration board

The autocalibration board was constructed using LabSmith (California, US) components.

A schematic of the setup is shown in figure 3.6.
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Substrate

T1

To analysis system

Dialysate

Collection vial

*

*

2 µl/min

Substrate

T1

To analysis system

Dialysate

Collection vial

20 µl syringe pump

Valve

Interconnect

Reservoir

*

*

2 µl/min

Substrate

T1

To analysis system

Dialysate

Collection vial

*

*

2 µl/min

A. Dialysate analysis

B. Refill pumps

C. Calibrate

X

Figure 3.6: Schematic of autocalibration board. This setup would be used to calibrate on-chip

biosensors. All tubing and components in the pink box are 1/32” outer diameter (OD) and the rest

are 360 μm OD. In cases where the system is used to calibrate the rsMD system, the union adaptor

(labelled with a purple asterisk) would be placed between the calibration interconnect tee and the

analysis system interconnect tee, as indicated with a purple asterisk, as the tubing to the rsMD

system is 1/32” OD.

Dialysate analysis

As shown in figure 3.6A the dialysate flows into a three-port two-position valve, which can

either be directed to a collection vial or towards the analysis system. This is an important

feature as it ensures that flow through the microdialysis probe is not interrupted. The

dialysate is directed towards the analysis system between calibrations. Both the calibra-

tion stream and the dialysate stream flow into an interconnect tee. In order to ensure

that the liquid stream flows towards the analysis system, it is important to make sure

that the alternative path is blocked. Hence, between calibrations the calibration valves

are closed.
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Refill pumps

As shown in figure 3.6B, the calibration stream is created using two 20 µl syringe pumps,

one of which contains the substrate of interest and the other of which contains T1 solution

(and does not contain the substrate of interest). These pumps can be programmed to

refill from their respective reservoir by switching the valve towards the reservoir.

Calibrate

Once refilled, the valves can be switched so that the liquid stream is directed towards

the analysis system (figure 3.6C). The solutions from the two pumps are mixed at the

interconnect tee and hence the substrate is diluted depending on the mixing ratio. A

multistep calibration can be carried out by varying the respective flow rates of the two

pumps. For instance, if both flow at 1 µl/min, then the substrate will be diluted by 50%,

but if the substrate pump flows at 0.5 µl/min and the T1 pump flows at 1.5 µl/min, then

the substrate will be diluted by 75%. When only one pump is running, the other valve

is closed to ensure that flow can only be directed towards the analysis system. During

calibrations, the dialysate is directed towards the collection vial.

The number of calibration steps and their duration can be varied and is determined by

the purpose-written script. Steps can also be included to refill the pumps when necessary.

The script can be written on a loop so that calibrations are carried out after a set length of

time has elapsed. With this system, calibrations are carried out at regular intervals with-

out the need for someone to be present. The script ensures that during calibrations the

dialysate is automatically switched to a collection vial and that afterwards the dialysate

is switched back towards the assay for analysis.

3.2.2 RsMD autocalibration

The autocalibration board has been implemented with the rsMD system to enable more

regular calibrations. Figure 3.7 shows a schematic of the setup used.
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Figure 3.7: Schematic of experimental setup for rsMD autocalibration. Dialysate from

microdialysis (MD) probe 1 flows into the calibration board, which is connected to a loop of the flow

injection valve. Dialysate 2 is connected to another loop of the flow injection valve as normal.

In this example, the rsMD system was set up as described in section 2.3.1.2 to measure

the lactate concentration in two dialysate streams. The outlet of microdialysis probe 1

was connected to the dialysate valve of the autocalibration board and fluorinated ethylene

propylene (FEP) was used to connect the autocalibration board to the flow injection

valve, while probe 2 was connected to another loop of the flow injection valve as normal.

Figure 3.8 shows an example of a calibration carried out using this system.

71



3. CLINICAL ANALYSIS SYSTEM FOR DIALYSATE METABOLITES

1.4

1.2

1.0

0.8

0.6

0.4

min

1 min

Time

R
ed

uc
tio

n 
cu

rr
en

t (
µA

)

R
ed

uc
tio

n 
cu

rr
en

t (
µA

)

0.0

0.2

0.4

0.6

0.8

* * *
* * *

* * *

* * *

0.0 0.2 0.4 0.6 0.8 1.0
[Lactate] (mM)

1 mM

0.75 mM

0.5 mM
0 mM

A

B

Figure 3.8: Results of rsMD lactate autocalibration. A. Raw data for a 4-point lactate

calibration. Peaks alternate between the calibration stream (marked with an asterisk) and the

second dialysate stream. B. Corresponding calibration curve from 0 to 1 mM, fitted with a straight

line. Markers indicate the mean ± standard deviation for each measurement (n=3).

During calibrations, dialysate 1 was switched to a collection vial and the calibration

stream was directed to the the flow injection valve instead. As a result, peaks alternate

between those for the calibration stream and those for dialysate 2. When the calibration

was complete, the valves were closed and dialysate 1 was directed to the flow injection

valve. The autocalibration board has also been used in exactly the same way with the

rsMD system in its other configuration, as described in section 2.3.1.1, to analyse glucose

and lactate (data not shown here).

3.2.3 On-chip biosensor autocalibration

The autocalibration board has been used with biosensors housed in a PDMS microfluidic

chip, as shown in figure 3.9.
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T1

2 mM
glucose/lactate

Dialysate

Glucose &
lactate biosensors

Figure 3.9: Photograph of experimental setup for on-chip biosensor autocalibration.

Either the calibration stream or the dialysate is directed past glucose and lactate needle biosensors

housed in a PDMS microfluidic chip.

A PDMS microfluidic chip, which housed glucose and lactate biosensors, was placed on

the autocalibration board. The valves were programmed to direct either the calibration

stream or the dialysate into the PDMS chip and past the biosensors. Figure 3.10 shows

the raw data for a 5-point glucose and lactate calibration on-chip and figure 3.11 shows

the corresponding calibration curves.
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Time

5 min

2.0 mM 1.5 mM 1.0 mM 0.5 mM 0.0 mM

Figure 3.10: Raw data for on-chip glucose and lactate autocalibration. The red trace

shows a 5-point glucose calibration and the green trace shows a 5-point lactate calibration. Steps

are 2.0, 1.5, 1.0, 0.5 and 0.0 mM (indicated on the graph). The dialysate stream flows past the

glucose biosensor first, followed by the lactate biosensor. These biosensors had already been used

in previous experiments and therefore the measured currents do not represent typical responses for

optimal biosensors.
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3.3 Hydrogel biosensors

Figure 3.11: Calibration curves for on-chip autocalibration. Left: glucose calibration curve

from 0 to 2 mM fitted with a straight line. Right: lactate calibration from 0 to 2 mM fitted with the

Michaelis-Menten equation. Markers indicate the mean ± standard deviation for each measurement.

3.3 Hydrogel biosensors

Hydrogel glucose and lactate biosensors were fabricated using a method adapted from

that described by Vasylieva et al. (107, 108), as described in section 2.5.3.2. Using this

method, enzyme is trapped on the electrode surface in a matrix, which is formed by the

reaction of the epoxy groups in poly(ethylene glycol) diglycidyl ether (PEGDE) with the

amine groups on the protein. This reaction would take approximately 48 hours to occur

at room temperature, but Vasylieva et al. found that, by increasing the temperature to

55�C, the reaction was accelerated enough to form a stable immobilised film in 2 hours

while still preserving enzymatic activity (107).

Scanning electron microscopy (SEM) was used to visualise the hydrogel film. SEM

images of 15 µl GOx hydrogels (made following the same recipe as for the biosensors) are

shown in figure 3.12.
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20 µm200 µm

Figure 3.12: SEM images of GOx hydrogel. Left: Hydrogel was sliced in half to image the

inner structure. Right: Surface of the hydrogel. Pores are visible in the hydrogel structure.

Biosensors were characterised in a well-stirred beaker containing PBS. Aliquots of a

concentrated substrate solution were added using a Gilson pipette to create a step change

in concentration. Typical calibration curves for glucose and lactate hydrogel biosensors

are shown in figure 3.13.
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Figure 3.13: Typical hydrogel biosensor calibration curves. Calibrations were carried out in

a beaker. Biosensors were held at a constant potential of +0.75 V. The green trace shows the lactate

response and the red trace shows the glucose response. Mean ± standard deviation of measurement is

shown. Points fitted with the Hill equation. Dotted lines indicate V
max

and K
m

for each biosensor.

Inset: Schematic cross-section of needle biosensor tip, comprising a platinum working electrode

(WE), a Ag|AgCl reference electrode (RE) and a stainless steel counter electrode (CE), showing the

layers making up the biosensor. (i) poly(m-phenylenediamine) (mPD) interference layer and (ii)

substrate oxidase (SOx) entrapped in a hydrogel.

Both glucose and lactate calibration curves were fitted with the Hill equation using Igor

Pro. In the example shown in figure 3.13, the Vmax and Km for the glucose biosensor were

1.4 ± 0.04 nA and 4.4 ± 0.23 mM, respectively (coe�cient values ± standard deviation

calculated in Igor Pro). For the lactate biosensor in figure 3.13, the Vmax and Km were

1.5 ± 0.003 nA and 0.38 ± 0.003 mM, respectively. An overview of average glucose and

lactate biosensor responses is given in table 3.1.

Table 3.1: Glucose and lactate hydrogel biosensor responses (mean ± standard deviation).

Biosensor Sensitivity T90 (s) Vmax (nA) Km (mM)

(nA/mMcm2)

Glucose (n=24) 8.5 ± 10 x 103 6.6 ± 3.9 1.2 ± 0.5 6.6 ± 3.9

Lactate (n=30) 4.3 ± 3.5 x 104 5.1 ± 2.6 1.4 ± 1.3 0.38 ± 0.09

Overall, both glucose and lactate biosensors were fast to respond to changes in con-

centration, and displayed good sensitivity, but responses were varied. The apparent Km

of the lactate biosensor was considerably less than for the glucose biosensor, as expected
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on the basis of the Km of the free enzyme. The apparent Km for the glucose biosensor

was considerably less than that of the free enzyme (30 mM from Genzyme data sheet).

A similar trend was also found by Vasylieva et al. (107) and may reflect distortion of

the enzyme during immobilisation, leading to a change in the kinetics of the enzyme.

Nevertheless, non-linear curve-fitting can be used to fit the calibration values and glucose

levels can still be detected in the physiological range.

3.4 Extending the biosensor dynamic range

To extend the linear range of a biosensor, a di↵usion-limiting membrane can be added as

an outer layer, as depicted in figure 3.14. The addition of this layer inhibits mass transport

to the enzyme, resulting in a response that is dependent on substrate di↵usion rather than

on enzyme kinetics alone. However, limiting di↵usion of the substrate also results in a

reduction in sensitivity. Therefore, the optimised design should be a compromise between

sensitivity and dynamic range (127). Several membranes have been used to limit di↵usion,

including polyurethane (26, 60, 128, 129), cellulose acetate (130) and polyvinyl chloride

(131).

RE WE

SOx

S P

H O2    2

i
ii

iii

CE

413 µm

mass transport 

enzyme kinetics 

electron transfer

limited

limited

rate limited

Figure 3.14: Schematic cross-section of needle biosensor tip. Layers that make up the biosen-

sor are: (i) mPD interference layer, (ii) enzyme (SOx) entrapped in hydrogel and (iii) di↵usion-

limiting outer film.

The dynamic range for the lactate biosensor in particular was not suitable for the in

vivo applications in this thesis. Therefore, an outer di↵usion-limiting layer of polyurethane

was incorporated, which will be described in this section.
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3.4.1 Preliminary investigations

Initial experiments were conducted with 11 mg/ml polyurethane (texin 985, Bayer) dis-

solved in tetrahydrofuran (THF). A 10 µl drop of the polyurethane solution was placed

onto a glass slide and the needle tip was slowly brought down towards the drop until

the solution came up to touch the needle in order to create a thin film on the electrode.

A new drop was used for each biosensor, as THF is very volatile and therefore evapo-

ration occurred quickly. The biosensors were dried upside down for 30 minutes before

a calibration was carried out. As a preliminary investigation into the e↵ect of adding a

polyurethane layer, six lactate biosensors were fabricated using the procedure described

in section 2.5.3.2. Of these biosensors, two received no further treatment, two were coated

with the polyurethane solution for 5 seconds and the other two for 15 seconds. The cur-

rent responses to increasing beaker lactate concentrations for the six biosensors are shown

in figure 3.15 and their characteristics are described in more detail in table 3.2.

15 s

5 s

none

Figure 3.15: E↵ect of polyurethane outer layer on lactate biosensor response. Calibration

curves for six lactate biosensors, carried out in a beaker. Biosensors were held at a constant potential

of +0.75 V. The blue traces are for two biosensors with no polyurethane layer, the green traces are

for two biosensors that were coated with the polyurethane solution for 5 s and the purple traces are

for two biosensors which were coated with the polyurethane solution for 15 s. Mean ± standard

deviation of measurement is shown. Points fitted with Hill equation. Inset: Magnified view of the

current response in the physiological range (low lactate concentrations).
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Table 3.2: E↵ect of polyurethane coating time on lactate biosensor response.

Polyurethane Vmax (nA) Km (mM) Sensitivity T90 (s)

coating time (nA/mMcm2)

None 0.95 ± 0.01 0.38 ± 0.07 1.24 x 104 5.07 ± 0.76

None 0.84 ± 0.01 0.39 ± 0.09 3.62 x 104 8.80 ± 2.11

5 s 2.50 ± 0.05 3.70 ± 0.11 1.91 x 104 5.54 ± 0.25

5 s 1.52 ± 0.03 1.74 ± 0.11 2.84 x 104 5.55 ± 0.81

15 s 12.05 ± 1.15 30.60 ± 4.90 1.09 x 104 30.8 ± 2.23

15 s 4.53 ± 0.08 1.31 ± 0.06 3.74 x 104 18.8 ± 3.05

These results show that the addition of a polyurethane layer successfully extended the

dynamic range of the lactate biosensors. Although, the results were variable, there seems

to be a general trend that the addition of the polyurethane film caused an increase in the

Km, Vmax, the response time and the dynamic range of the biosensor and resulted in a

decrease in sensitivity. These e↵ects were greater with longer coating times. These obser-

vations are consistent with the biosensor being di↵usion-limited. The change in Vmax was

unexpected; the biosensors behaved as though there was more enzyme available. In this

case, lactate biosensors were not calibrated prior to treatment with polyurethane. There-

fore, the outer layer may have prevented enzyme from being lost during the calibration,

which may explain why biosensors coated with polyurethane behaved as though they had

a higher enzyme loading.

In order to investigate this e↵ect, lactate biosensors were calibrated before being coated

with the polyurethane solution for 15 s, after which they were calibrated again. If the

e↵ect seen previously was due to the polyurethane film preventing enzyme from being

washed out during hydration of the hydrogel, then the e↵ect would not be seen if the

biosensor had already been hydrated prior to coating. Figure 3.16 shows the calibration

curves for two lactate biosensors before and after coating with polyurethane.
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Figure 3.16: Lactate biosensor calibration before and after coating with polyurethane.

Calibration curves for two lactate biosensors, carried out in a beaker. Biosensors were held at a

constant potential of +0.75 V. The dotted traces show the biosensor response prior to coating with

a polyurethane film and the solid traces show their response after coating with the polyurethane

solution for 15 s. Mean ± standard deviation of measurement is shown. Points fitted with the Hill

equation.

These results clearly show that the higher Vmax for polyurethane-coated electrodes

was not due to the enzyme being more e↵ectively trapped. In order to investigate what,

if any, e↵ect coating with the polyurethane solution had on the hydrogel structure, SEM

was used to image the hydrogel with and without treatment with polyurethane. In order

to achieve this, 15 µl drops of GOx hydrogel solution were made, were placed in the oven

at 55�C for 2 hours and were stored at 4�C. Some hydrogel drops were dipped into a

solution of 11 mg/ml polyurethane in THF (0.25 µl/ml, Brij 30 surfactant was also added

and will be discussed later) for 15 s to mimic the biosensor treatment conditions. Others

were dipped into THF only for 15 s to identify whether any structural changes observed

are due to the polyurethane or the THF solution it is dissolved in. SEM images of these

hydrogels are shown in figure 3.17.

As shown in figure 3.17, crystals were clearly visible on the surface of the polyurethane-

coated hydrogel but were not visible on the untreated hydrogel (shown earlier in fig-

ure 3.12). These crystals were also visible when the hydrogel was dipped in just THF,

suggesting that it is the THF and not the polyurethane causing this e↵ect.
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50 µm 5 µm

20 µm 20 µm

A B

C D

Figure 3.17: SEM images of GOx hydrogel after coating with polyurethane in THF.

A-C. The hydrogel was dipped into 11 mg/ml polyurethane in THF for 15 s. Crystals are visible

on the surface. D. The hydrogel was dipped into THF for 15 s. Regular crystals were formed after

dipping the hydrogel in THF.

3.4.2 E↵ect of multiple layers of polyurethane

In order to optimise the process of coating the biosensors with polyurethane to obtain the

optimal compromise between the dynamic range and the sensitivity and response time

of the biosensor, the e↵ect of adding multiple polyurethane layers was investigated. The

results are shown in figure 3.18.
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Figure 3.18: E↵ect of multiple layers and coating time on lacate biosensor response.

Calibrations were carried out in a beaker. Biosensors were held at a constant potential of +0.75

V. Lactate biosensors were coated with polyurethane solution in either one layer for 15 s (blue), or

in two layers for 5 s each (purple), or for 10 s and then 5 s (green). Biosensors were dried upside

down at room temperature for 10 minutes in between each layer, and finally for 30 minutes. Mean

± standard deviation of measurement is shown. Points fitted with the Hill equation. Results not

shown for biosensors coated for 5 s and then 10 s as the coating was not successful.

The results obtained were variable and in some cases coating was unsuccessful. How-

ever, there is a clear trend in the results. Coating with a single layer of polyurethane for 15

s succeeded in extending the dynamic range, but only for one of the biosensors; therefore,

coating with polyurethane for 15 s did not show good reproducibility. Moreover, coating

with two polyurethane layers had a greater e↵ect on the biosensor response characteristics

than simply coating with a single layer and resulted in better reproducibility. However,

coating with a longer first layer seemed to yield less reproducible results than when the

first layer was coated for just 5 s.

3.4.3 Reproducibility

The biosensor response characteristics were extremely variable after coating with polyurethane,

despite e↵orts to control the coating process. To address this problem, 0.25 µl/ml of a sur-

factant (Brij 30, Sigma Aldrich, UK) was added into the polyurethane solution to prevent

pinhole formation during solvent evaporation (26, 128, 129). In addition, the electrodes

were coated with polyurethane solution using a micro-manipulator in an attempt to make
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the coating procedure more consistent. However, the biosensors still showed considerable

variability. Six lactate biosensors produced in this way were imaged under a microscope.

Pictures of each are shown in figure 3.19.

A B C

D E

A

F

Figure 3.19: Microscope images of polyurethane-coated lactate biosensors. Images show

the needle tip in each case. The two discs in the centre are the working and reference electrodes.

The needle is 413 µm in diameter.

These images clearly show why the corresponding responses are variable. The biosen-

sor shown in figure 3.19A has a large polyurethane aggregate covering almost the en-

tire needle tip, whereas the biosensors shown in figure 3.19B-F have varying amounts of

polyurethane visible, sometimes covering the working electrode. The current response

of the two biosensors shown in figure 3.19A and B (representing the two extremes) are

shown in figure 3.20 and are summarised in table 3.3.

For biosensor A, which had a large polyurethane aggregate at the tip, the response

time was long and the sensitivity was low, compared with biosensor B, which had no large

aggregates over the electrodes.

Table 3.3: Variability in lactate biosensor responses.

Biosensor Sensitivity (nA/mMcm2) T90 (s)

A 1.5 x 103 209 ± 11.24

B 6.7 x 103 7.33 ± 0.24
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Figure 3.20: Response time of polyurethane-coated lactate biosensors. Raw data trace

for a step change in lactate concentration from 2 to 4 mM in a well-stirred beaker. Time 0 is the

point of injection. The two biosensors were prepared in the same way but show large variability in

their responses.

3.4.4 Protocol optimisation

The variability in the polyurethane coating could be due to the method of casting the

layer. As a result of the fairly small volume (50 µl) used to coat each electrode and

the high volatility of THF, evaporation occurred very quickly. This meant that it was

very di�cult to control the process, as slight variations, for instance in the time between

pipetting the drop of polyurethane solution onto a glass slide and coating the electrode,

could have a large impact on the final result. To overcome this issue, the procedure was

adapted so that the micro-manipulator was used to dip the needle electrode biosensor into

a small glass vial containing the polyurethane solution, through a hole in the lid to prevent

evaporation. However, as a result, the coating time and the polyurethane concentration

had to be optimised for this new protocol as, using the previous conditions, no real change

was observed in the dynamic range of the biosensors. After several attempts, the optimal

biosensor response was obtained with 25 mg/ml polyurethane in THF and 0.25 µl/ml

Brij 30. The biosensors were dipped into the solution twice, for 15 s each. The electrodes

were allowed to dry upside down for 10 minutes in between the two layers and for 30

minutes after the final layer. Despite this optimised protocol, the response of the lactate

biosensors was still found to be quite variable, therefore further optimisation is necessary.
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This final protocol was used to fabricate biosensors for in vivo monitoring in chapter 8.

3.4.5 Polyurethane-coated biosensor characteristics

The same methodology was applied for glucose hydrogel biosensors as well as for lactate.

An example of a typical response for a glucose and lactate biosensor fabricated using this

method is shown in figure 3.21. Comparison with figure 3.13 clearly indicates that the

polyurethane-coated biosensors are both mass-transport limited.

Figure 3.21: Typical polyurethane biosensor calibration curves. Calibrations were carried

out in a beaker. Biosensors were held at a constant potential of +0.75 V. The green trace shows

the lactate response and the red trace shows the glucose response. Mean ± standard deviation of

measurement is shown. Points fitted with the Hill equation.

The response time and sensitivity of polyurethane-coated glucose and lactate biosen-

sors are summarised in table 3.4. The variability in both sensitivity and the T90 response

is caused by the di�culty in controlling the thickness of the polyurethane film produced.

Table 3.4: Glucose and lactate polyurethane biosensor responses.

Biosensor Sensitivity (nA/mMcm2) T90 (s)

Glucose (n=5) 3.2 ± 2.2 x 103 36.1 ± 19.6

Lactate (n=21) 1.4 ± 1.7 x 104 22.8 ± 11.3
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3.4.6 Summary

Glucose and lactate biosensors have been adapted to include a di↵usion-limiting polyurethane

outer layer. This modification results in a loss in sensitivity as well as an increase in the

response time of the biosensor. However, it extends the dynamic range, which, par-

ticularly for lactate sensing, allows detection within the physiological range for tissue

dialysate. The method of coating the biosensors in the polyurethane layer was optimised

but further optimisation is required to improve reproducibility.

3.5 In-flow enzyme addition

The advantage of combining microfluidic chips with LabSmith components is that it is

possible to create a ‘homogeneous’ biosensing system. There have been limited reports of

in-flow glucose and lactate enzymatic sensing, in which the enzyme is mixed with the sub-

strate in solution (132, 133, 134). This method could be advantageous, as the activity of

enzymes changes upon immobilisation as a result of structural changes that occur. Using

the LabSmith programmable syringe pumps it is possible to create a biosensing system in

which enzyme is automatically dosed into the dialysate stream to react with the substrate

in solution. The reaction product can then be detected at a downstream electrode. This

system would allow separate optimisation of the biorecognition and detection elements of

the biosensing system.

3.5.1 Experimental setup

A sensing system was constructed based on the autocalibration board described in sec-

tion 3.2.3. A schematic diagram of the setup is shown in figure 3.22. In addition to the

calibration components, another pump and valve were incorporated for addition of the

enzyme solution.
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Figure 3.22: Experimental setup for dosing in enzyme for in-flow sensing. A. Pumps

can be programmed to refill automatically by switching the valves so that the pumps can draw up

new solution from their reservoirs. B. Valves are switched so that the calibration stream is directed

towards the analysis chip. Enzyme is added into the calibration stream before it reaches the analysis

stream. C. Substrate detection reaction mechanism. The enzyme (SOx) is added into the dialysate,

where it oxidises the substrate producing hydrogen peroxide. The hydrogen peroxide is detected at

a platinum electrode by oxidation.

3.5.2 Calibration

This section will describe the detection of glucose and lactate using this system. For

glucose detection a solution of GOx in T1 (8.7 mg/ml) was used and for lactate detection

a solution of LOx in T1 (4.2 mg/ml) was used. The enzyme stream flowed at 0.5 μl/min

and the calibration stream flowed at 2 μl/min, giving a total flow rate of 2.5 μl/min at

the electrode. An example of a 5-point glucose calibration from 5 to 0 mM is shown in

figure 3.23. This figure also shows typical calibration curves for glucose and lactate using

this system.

88



3.5 In-flow enzyme addition

A

B C

Figure 3.23: Glucose and lactate calibrations using in-flow sensing system. A. Raw data

for a 5-point glucose calibration from 5 to 0 mM at 2 µl/min using a 50 µm platinum disc electrode.

Steps were 5, 3.75, 2.5, 1.25 and 0 mM. B. Corresponding glucose calibration curve fitted with a

straight line. C. Lactate calibration curve for a 5-point calibration from 5 to 0 mM using a 50

µm platinum disc electrode. Points fitted with the Michaelis-Menten equation. Mean ± standard

deviation of measurement given. Enzyme (GOx 8.7 mg/ml or LOx 4.2 mg/ml) flow rate was 0.5

µl/min.

For both glucose and lactate, the currents observed were considerably higher than those

observed with the hydrogel biosensors for the same size electrode. For these calibrations,

the glucose biosensing system had a sensitivity of 5.8 x 105 nA/mMcm2 and the lactate

biosensing system had a sensitivity of 1.5 x 104 nA/mMcm2, which are considerably

higher than for the hydrogel biosensors. Furthermore, the dynamic range of the lactate

biosensing system was extended compared with the lactate hydrogel biosensors, but not

to the extent of the polyurethane-coated biosensors. Using these conditions, only 300 µl

of enzyme solution would be used for 10 hours of continuous monitoring.

In this system, although the enzyme is substrate-specific, the electrode is not, it simply
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detects the product of the in-flow reaction, which is the same for both the glucose and

the lactate reaction mechanisms. Therefore, care was taken throughout to ensure that

all components used for one enzyme were kept separate from those used for the other to

prevent cross-contamination.

3.5.3 Stability

A gradual loss of sensitivity was observed over time; this could be due to enzyme degra-

dation or a result of the enzyme adhering to the electrode surface and blocking the active

sites. In order to investigate this, repeated calibrations were carried out with a 1-hour

pause in between. The results for the glucose system are shown in figure 3.24A. There

was a considerable loss in sensitivity from 1.2 x 105 nA/mMcm2 to 1.9 x 103 nA/mMcm2

over 12.5 hours. This experiment was repeated with a poly(phenol)-coated electrode to

investigate whether the film would protect against electrode fouling, if this was the cause

of the gradual loss in sensitivity. The results are shown in figure 3.24B, and figure 3.24C

compares the sensitivity over time for the uncoated and poly(phenol)-coated electrode.

The loss in sensitivity was much less for the poly(phenol)-coated electrode. This

suggests that the sensitivity loss over time was caused by the enzyme adhering to the

electrode surface and that the poly(phenol) film provides some protection against this.

Furthermore, the poly(phenol) film provided a crucial screening layer to prevent oxidation

of other species present in the dialysate (105). There was still some loss in sensitivity over

time for the coated electrode, as the sensitivity decreased from 1.1 x 105 nA/mMcm2 to

4.3 x 104 nA/mMcm2 over 35 hours. However, as shown in figure 3.24C, the system was

able to operate continuously for more than 35 hours. A similar trend was observed for

the lactate sensing system.

To investigate whether this loss in sensitivity was caused by enzyme degradation over

time, after running the system overnight, the enzyme solution was replaced with newly

made solution. Even with fresh enzyme solution, the sensitivity remained the same.

Therefore, this sensitivity loss is probably caused by enzyme adherence onto the electrode,

but this e↵ect is greatly reduced by the poly(phenol) film. This illustrates the need to

regularly calibrate during long periods of monitoring.
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A

B

C

Figure 3.24: Repeated glucose calibrations with and without poly(phenol) film on elec-

trode. The script was programmed to carry out a 5-point glucose calibration followed by a 1-hour

pause and was then repeated. Calibrations were carried out using an uncoated A. and poly(phenol)-

coated B. 50 µm platinum disc electrode. C. Sensitivity decreased over time for both the coated

and the uncoated electrodes, but the e↵ect was much greater for the uncoated electrode. Mean ±
standard deviation of measurement given.

3.5.4 Script optimisation

Initially the pumps were programmed to push at a set flow rate until they had dispensed

a certain volume of liquid. At each stage, the script waited until all pumps had dispensed

their programmed volumes until it moved on to the next step. The pumps are designed

to accurately deliver a fixed volume of liquid. In order to do this the pump mechanism
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slows as it nears its end point to avoid dispensing too much. However, this a↵ected the

overall flow rate and resulted in some pumps finishing before the rest, which caused flow

artefacts in the signal. In particular, this was a problem if the enzyme pump finished

first, as this resulted in a temporary fall in the signal until the pump restarted.

To overcome this issue and to reduce the flow artefacts, the script commands were

changed so that the pumps were instead programmed to push at a set flow rate for a

certain length of time. This meant that the flow rate was constant and all pumps finished

simultaneously. A comparison of a 5-point calibration carried out using the two alternative

scripts is shown in figure 3.25. Although there were artefacts in both traces, they were

less exaggerated for the script in which the time and flow rate were set, rather than the

volume and the flow rate.

In addition, care was taken to regularly flush the system with deionised water and with

methanol water (1:1), as artefacts were more evident if the pumps had not been properly

cleaned. On occasions, the inside of the glass syringes were also manually cleaned.

Figure 3.25: E↵ect of script on glucose and lactate response. Raw data for a 5-point

calibration from 2 to 0 mM for glucose (red) and lactate (green) at 2 µl/min. The darker traces

show the response if the script is written in terms of flow rate and volume and the lighter traces

show the response if the script is written in terms of flow rate and time. Enzyme (GOx 8.7 mg/ml

or LOx 4.2 mg/ml) flowed at 0.5 µl/min. Total flow rate was 2.5 µl/min.

Enzyme optimisation

The precise control o↵ered by the LabSmith components could provide an ideal method of

optimising the enzyme concentration and flow rate. As a proof of concept, an optimisation

board was developed and an experiment was carried out to demonstrate whether it was
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possible to determine the optimal enzyme concentration and flow rate for the analysis

system in this way. The automated optimisation board was set up as shown in figure 3.26.

Lactate

T1

Waste

T1

LOx

T1

Lactate
analysis

20 µl syringe pump

Valve

Interconnect

Reservoir

Figure 3.26: Automated board for enzyme optimisation. The board consisted of two cali-

bration systems to dilute the enzyme and the substrate. It also contained another valve to flow T1

through the PDMS chip, when the pumps were refilling, to stop air being introduced.

The design of the optimisation board essentially consisted of two calibration boards.

One was to vary the substrate concentration for each different enzyme condition, keeping

the total substrate flow rate constant. The other calibration board enabled the enzyme

concentration to be varied independently of flow rate. A script was written that carried

out a 5-point lactate calibration for a fixed enzyme concentration at different enzyme flow

rates. This process was repeated for different enzyme concentrations. When the script

was complete, it looped back to the beginning and repeated.

The results of the proof-of-concept experiment for lactate optimisation are summarised

in figure 3.27.
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A

B

Figure 3.27: Results of LOx optimisation. A. Current response for 2 mM lactate mixed with

varying concentrations of enzyme at 0.5, 1 and 2 µl/min. B. Current scaled to take into account

dilution of lactate due to varying enzyme flow rate and therefore the total flow rate. Current has

been multiplied by the dilution factor. In both graphs, enzyme concentration in the final volume is

given. Results for 0.75 µl/min have been omitted as there were insu�cient points to identify trends.

As shown earlier, there is a gradual loss in sensitivity over time, therefore this approach

produced very variable results. However, despite this variability, there does appear to be

a trend for LOx. As shown in figure 3.27A, as the enzyme concentration increased, the

current increased. However, above a certain enzyme concentration the response reached

a plateau.

As a result of the nature of the experimental protocol, increasing the enzyme flow

rate also had the e↵ect of diluting the lactate concentration in the total flow. Therefore,

figure 3.27B has been scaled to show what the current response would have been without

this dilution e↵ect. On the basis of these results, it appears that optimal currents would
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be obtained by flowing the enzyme at 2 μl/min and hence delivering more enzyme per

minute, but the substrate is diluted more and therefore the observed current is lower than

for slower flow rates. This indicates that optimal currents could be achieved by flowing

slower but with a more concentrated enzyme stock solution.

Further work is needed to improve the optimisation protocol. The steps should be

carried out in a random order so as to reduce systematic bias in the results caused by

electrode fouling over time. Moreover, the flow rates should be separately varied for each

enzyme concentration so that the experiment does not have to be run for as long in one

go, which should reduce variability.

3.5.5 In-flow enzyme addition - donor kidney analysis board

As part of the project to monitor dialysate metabolites in transplant kidneys (see chapters

4 and 5) a system was required that would allow two metabolites to be monitored in two

organs. Therefore, an analysis system was built that used in-flow enzyme addition to

detect glucose and lactate in two dialysate streams. This system has the advantage that

it allows optimisation of the enzyme flow to create a system suitable for this application.

A schematic of the setup for this analysis system is shown in figure 3.28.

Glucose/lactate

T1

GOx

LOx

Dialysate ADialysate B

Glucose
chip

Lactate
chip Glucose/lactate

T1

GOx

LOx

Dialysate ADialysate B

Glucose
chip

Lactate
chip

X X

Collection vial

Collection vial

Collection vial

Collection vial

20 µl syringe pump Valve Interconnect Reservoir

Figure 3.28: Schematic of analysis system to monitor two analytes in two donor kidneys.

Dialysate A is directed towards the lactate chip and mixes with LOx, while dialysate B is directed

towards the glucose chip and mixes with GOx. The dialysate valve is switched so that dialysate A

is then analysed for glucose and B for lactate. The dialysate valve is programmed to switch between

the two dialysate streams every 2-3 minutes. The calibration valves are closed throughout.

The system consists of the calibration components and a separate pump and valve for

each enzyme stream. It also incorporates a two-position four-port valve, which provides

the means to direct two dialysate streams at the same time so that each stream could

be directed alternately between the two analysis chips. As shown in figure 3.28, glucose
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was measured in one dialysate stream, while lactate was measured in the other, then the

valve switched position and directed each dialysate stream into the other analysis chip.

The board was fully automated to run unattended for long periods of time. Figure 3.29

shows an excerpt of raw data, using the system to analyse two di↵erent sample streams

simultaneously.

Figure 3.29: Measurement of glucose and lactate in two sample streams. Raw data showing

the analysis system switching between two sample streams, 1.0 and 0.5 mM, every 3 minutes. Glucose

(red) is measured in one sample stream while lactate (green) is measured in the other.

The step length was varied to investigate the minimum length required for each step

in order for a stable level to be reached before the valve switched. The minimum step

length was found to be 2 minutes.

It was important to incorporate the autocalibration components into the design so

that regular calibrations could be carried out during long periods of monitoring. These

calibrations could be set up to automatically occur at regular intervals. Each dialysate

stream flowed into a valve so that the stream could be diverted to a collection vial during

calibrations. This ensured that flow through the probe was never interrupted. With

this setup, the glucose and lactate analysis systems were calibrated separately. During

calibration of one analyte, measurement of the other analyte in the two dialysate streams

alternately was still possible. One dialysate stream was diverted to a collection vial, while

the other was analysed and the valve automatically switched between the two dialysate

streams.
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Figure 3.30: Calibration of microfluidic analysis board. A. Configuration during glucose

calibration. Changing the flow rates of the two pumps varies the overall concentration of analyte

in the calibration stream. While glucose is calibrating, lactate can still be alternately detected in

both dialysate streams by switching the dialysate valve. The dialysate stream not being analysed

is switched to a collection vial. B. Configuration during lactate calibration. The dialysate valve

is switched so that glucose can be alternately detected in both dialysate streams during lactate

calibrations. The dialysate stream not being analysed is switched to a collection vial.

An analysis algorithm was written in Matlab to automatically process the data. This

involved separating the data for each dialysate stream and converting the detected currents

into concentrations for each analyte using the relevant calibration.

3.5.6 ATP detection

The method of dosing enzyme into the dialysate has been shown for glucose and lactate.

This method is ideal for more complicated systems, such as those involving multiple

enzymes, as it allows the reaction to be carried out in sequence, consecutively adding

enzymes. It also allows optimisation of each step individually.

ATP would be a useful biomarker to measure in transplant kidneys, as it would provide
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additional information about whether the energy demands of the tissue are being met.

Two mechanisms have been reported for enzymatic detection of ATP. The first involves

the use of two enzymes, hexokinase and GOx (105). In the presence of ATP, hexokinase

converts glucose to glucose-6-phosphate, which cannot react with GOx, therefore, as the

concentration of ATP increases, the glucose signal decreases. However, this system is also

glucose sensitive, and is therefore not ideal for a situation in which glucose levels may vary.

An alternative mechanism uses a two enzyme cascade (135), as shown in equation 3.7.

ATP +Glycerol
GK−−→ Glycerol-3-phosphate+ ADP (3.7a)

Glycerol-3-phosphate+O2
G3POx−−−−→ H2O2 +Glycerone phosphate (3.7b)

As a proof of concept, a system was set up to detect ATP by consecutively dosing

in glycerol kinase (GK) and glycerol-3-phosphate oxidase (G3POx). For the reaction to

depend only on ATP concentration, the glycerol concentration needs to be high enough

to saturate the GK (>0.5 mM) (135). This can be achieved by dissolving the GK in a

high concentration of glycerol. Figure 3.31 shows the experimental setup used to detect

ATP.

ATP

T1

GK + glycerol

G3POx

Dialysate

ATP
analysis

Collection vial

20 µl syringe pump

Valve

Interconnect

Reservoir

Figure 3.31: Schematic of analysis system to measure dialysate ATP. The board was set

up as for glucose or lactate detection, with the calibration components and a dialysate valve. In

addition, two enzyme pumps were incorporated, which would add in GK (6.25 mg/ml) and glycerol

(5 mM) first and then G3POx (6.55 mg/ml) downstream. The reaction mixture flowed into the

PDMS analysis chip, which contained a 50 μm platinum poly(phenol)-coated disc electrode. Both

enzyme solutions flowed at 0.5 μl/min.
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3.5 In-flow enzyme addition

The glycerol solution was diluted 5 times when it was added into the dialysate stream,

therefore a higher initial concentration than necessary was used to ensure that when

diluted the concentration was still su�cient to saturate the GK. For this preliminary

experiment, the enzyme activities used were 1:1 (250 U/ml), but in the future this could

be optimised to improve the overall sensitivity of the system.

An example of a 5-point calibration from 100 to 0 µM is shown in figure 3.32, together

with the corresponding calibration curve. Although the detected currents were low, each

25 µM step was clearly visible. Figure 3.32C shows the results of a preliminary experiment

to measure the ATP concentration in a sample of kidney dialysate. During haemoperfusion

of a porcine kidney, cortical dialysate was collected into a 1 m length of storage tubing, as

described in section 4.2.4, which was frozen until analysis was possible, and run through

the ATP analysis system at a later time. It was possible to detect ATP in the kidney

dialysate using this method. ATP levels were fairly stable and very low.
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Figure 3.32: ATP detection using in-flow enzyme addition. A. 5-point ATP calibration.

Steps are 100, 75, 50, 25 and 0 µM. B. ATP calibration curve from 0-100 µM. Markers represent the

mean ± standard deviation for each measurement and are fitted with a straight line. C. ATP levels in

kidney dialysate, collected in storage tubing and analysed at a later time. Dialysate was collected and

analysed at 2 µl/min. Data are smoothed with a Savitsky-Golay 201-point filter. GK (6.25 mg/ml)

and glycerol (5 mM) were dosed in first, followed by G3POx (6.55 mg/ml) downstream, the dialysate

then flowed into a PDMS analysis chip, which contained a 50 µm platinum poly(phenol)-coated disc

electrode. Both enzyme solutions flowed at 0.5 µl/min.

3.5.7 Pyruvate detection

Detection of pyruvate is another situation in which this methodology could prove useful.

Detection of pyruvate requires only one enzyme, pyruvate oxidase (POx), but this enzyme

needs an additional cofactor, thiamine pyrophosphate (TPP), to work e↵ectively. Previous

work has also shown that the presence of Mg2+ can enhance its catalytic activity (136).
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3.5 In-flow enzyme addition

However, the optimal concentration of these cofactors varies greatly in the literature

(137, 138, 139). The reaction mechanism is summarised in equation 3.8.

Pyruvate+ phosphate+O2 −→ H2O2 + Acetyl phosphate+ CO2 (3.8)

Previous attempts within the group to make a pyruvate biosensor have been unsuc-

cessful, possibly as a result of denaturing of the enzyme during immobilisation. The

in-flow enzyme addition system could be suitable for pyruvate detection, as the enzyme

is ‘free’ and therefore undamaged by immobilisation. It also provides an ideal means to

easily optimise each component individually. Preliminary experiments were carried out in

collaboration with Dr Michelle Rogers to investigate whether pyruvate could be measured

using this methodology and whether the system could be used to optimise each of the

components.

The board used to detect pyruvate is shown in figure 3.33.

Pump 1

Pump 2

Pump 3

Pyruvate
analysis

20 µl syringe pump

Valve Interconnect

Reservoir

Figure 3.33: Schematic of analysis system for pyruvate detection. The board consisted of

the calibration components and an additional pump for the enzyme/cofactor mixture. For cofactor

optimisation, the calibration board was used to vary the concentration of each cofactor individually,

keeping the concentration of pyruvate, the other cofactor and POx constant.

Using this setup, it was possible to detect pyruvate levels, as shown in figure 3.34.

Cofactor concentrations were initially chosen on the basis of previous research in the

group (136). After dilution, the concentration of Mg2+ was 12 mM and that of TPP was

1 mM. These cofactors were mixed with 30 mg/ml of POx (300 U/mg) and flowed at 0.5

μl/min. Using these initial concentrations the purple calibration curve in figure 3.34D was

obtained. The board was then used to optimise the cofactor concentrations to increase the
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detection sensitivity. The results are shown in figure 3.34. Each cofactor was individually

varied using the calibration board, while concentrations of pyruvate, POx and the other

cofactor were kept constant.

A B

C D

Figure 3.34: Pyruvate detection and optimisation. A. The concentration of TPP was varied

using the calibration system and the resulting current recorded for a fixed pyruvate concentration.

The optimal concentration was found to be 6 mM, which corresponded to 4.8 mM in the final volume,

factoring in dilution. B. The concentration of Mg2+ was varied using the calibration system and

the resulting current recorded for a fixed pyruvate concentration. The optimal concentration was

found to be 21 mM, which corresponded to 16.8 mM in the final volume, factoring in dilution. C.

There was a significant improvement in current response following addition of each of the optimised

cofactors for 0.5 mM pyruvate. Tested using a Mann-Whitney U Test. Significance: * p<0.05 and

**** p<0.0001. D. Calibration curves before and after optimisation. Markers represent the mean ±
standard deviation for each measurement and are fitted with a straight line. Sensitivity was improved

with optimisation of the cofactor concentrations.

The results show a clear relationship between the concentration of each cofactor and

the current obtained. On the basis of these results, the optimal cofactor concentrations

were selected. The pyruvate calibration was repeated using the same electrode and is rep-

resented by the yellow trace in figure 3.34D. Optimisation of the cofactor concentrations

resulted in an increase in sensitivity from 0.47 nA/mM to 0.75 nA/mM.
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3.5.8 Conclusion

In-flow enzyme addition provides a biosensing system that has excellent sensitivity, espe-

cially compared with immobilised biosensors. It is easy to use, and does not require as

much skill in fabrication. Moreover it is very quick to set up as enzyme can be weighed out

in advance and stored in the freezer until needed. When required, it is ready to use once

T1 has been added. Preliminary experiments have demonstrated the usefulness of this

method for optimisation of the biosensing system, as well as for more complex systems

such as multiple enzyme mechanisms or enzymes that are di�cult to immobilise. Both

in-flow and conventional immobilised biosensing systems have been shown to be stable

for long periods of monitoring.

However, this system would not be suitable for a wearable application because of the

size of the syringe pumps and valves. Although measurement of multiple analytes in one

dialysate stream has been demonstrated it results in discrete measurements, whereas, us-

ing immobilised biosensors, continuous measurement of multiple analytes in one dialysate

stream is possible.

In summary, as each system has its advantages and disadvantages it is likely that each

would be suitable for di↵erent applications.

3.6 Dialysate collection in storage tubing

Linder et al. described a technique for storing and delivering reagents by filling flexible

polyethylene tubing with a sequence of plugs of fluid, which they labelled a ‘cartridge’

(140). The authors used air spacers to separate reagents and to prevent mixing. They

found that, using tubing with 0.38 mm inner diameter (ID), the reagent plugs were not

a↵ected by physical movement. In microdialysis, if the dialysate stream is not analysed

online, it has to be collected into micovials for delayed analysis, creating discrete samples

with poor temporal resolution. This technique of using fine-bore tubing to store samples

without mixing could provide a means to collect dialysate for o✏ine analysis while re-

taining temporal resolution. This section will describe initial experiments to validate this

methodology and to investigate the stability of dialysate collected and stored in this way.

3.6.1 Validation

To validate this methodology, an experiment was carried out in which two microdialysis

probes were inserted into the same region of a porcine kidney ex vivo, following the

methodology described in chapter 4, perfused at 1 µl/min. One dialysate stream was

analysed online using the rsMD system (section 2.3.1.2), while the dialysate from the

second probe was collected into a length of fine-bore polyethylene tubing (0.4 mm ID, 6
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m). Once the online experiment was complete, the stored dialysate was pumped through

the analysis system at 2 µl/min, e↵ectively ‘playing back’ the liquid stream collected

during the experiment. The results of this experiment, comparing results from delayed

analysis to those from real-time analysis, are presented in figure 3.35.

Figure 3.35: Validation of collection in storage tubing for delayed analysis. The purple

trace shows the dialysate lactate concentration analysed online using rsMD. The red trace shows

the lactate level in the dialysate from a second microdialysis probe, which was collected in storage

tubing and analysed at a later time using rsMD. Results have been time-aligned.

There is some temporal smearing in the o✏ine data but, critically, the levels obtained

by the two methods are in close agreement. Furthermore, the mean di↵erence between

the two probes was 24.7 ± 62.5 µM (n=69). This validation experiment demonstrates

that dialysate can be collected and stored in lengths of tubing and analysed at a later

time while retaining temporal resolution.

3.6.2 Stability

Further experiments were conducted to investigate the stability of dialysate samples over

time in lengths of storage tubing and to establish the best method of storing the samples.

Preparation of filled storage tubing

In order to investigate the stability of filled storage tubing over time, the first step was

to produce a batch of identical samples. The initial idea was to use a microdialysis

probe and to switch it between beakers of di↵erent lactate concentrations, thus creating

a step-change in dialysate lactate concentration, which could be collected into lengths of
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storage tubing attached to the outlet of the microdialysis probe. Multiple sample tubes

were produced using the same microdialysis probe to remove variations resulting from

di↵erences in probe recovery.

To investigate the variability between sample tubes produced using the same micro-

dialysis probe, an experiment was carried out in which a microdialysis probe was placed

into a well-stirred beaker of 1 mM lactate solution. A 1 m length of storage tubing was

connected to the outlet of each microdialysis probe. After 20 minutes the probe was

moved to a second beaker containing 2 mM lactate solution, and after a further 20 min-

utes it was moved back to the 1 mM lactate beaker, where it remained for a final 20

minutes. When the storage tubing had been filled, the ends were heated with a wax pen

and pinched to seal them. The sample tubes were analysed straightaway using the rsMD

system (described in section 2.3.1.2) at 2 µl/min. The current peaks recorded were con-

verted into lactate concentrations based on calibrations. Four sample tubes were made

consecutively from one microdialysis probe. The results obtained for all four sample tubes

are shown in figure 3.36.

Figure 3.36: Dialysate collected from one microdialysis probe in multiple storage tubes.

A microdialysis probe, perfused with T1 at 2 µl/min, was placed into stirred beakers of 1 mM, 2 mM

and finally 1 mM lactate solution for 20 minutes each. A 1 m length of storage tubing was connected

to the end of the microdialysis probe to collect the dialysate. The sample tube was analysed at

2 µl/min using rsMD, giving a reading every minute for each dialysate stream. This process was

repeated four times, creating four consecutive sample tubes. Results are smoothed with a 9-point

Savitsky-Golay filter.

As demonstrated in figure 3.36, it was possible to detect clear step changes in concen-

tration using this methodology. Results obtained from multiple storage tubes produced

using this microdialysis probe show some variability in the absolute values, but the per-
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centage change is constant and reproducible. However, microdialysis probes can fail, as

demonstrated in figure 3.37.

Figure 3.37: Variability in dialysate collected from one microdialysis probe in multiple

storage tubes. A microdialysis probe, perfused with T1 at 2 µl/min, was placed into stirred beakers

of 1 mM, 2 mM and finally 1 mM lactate solution for 20 minutes each. A 1 m length of storage

tubing was connected to the end of the microdialysis probe to collect the dialysate. The sample tube

was analysed at 2 µl/min using rsMD, giving a reading every minute for each dialysate stream. This

process was repeated four times, creating four consecutive sample tubes. Results are smoothed with

a 9-point Savitsky-Golay filter.

The results obtained in figure 3.37 showed considerable variability. One possible ex-

planation for this could be that the membrane was damaged, leading to variability in

recovery. An alternative explanation could be that the tubing caused back pressure,

which resulted in the membrane leaking. However, the total volume collected from the

probe after 1 hour of perfusion with deionised water, with di↵erent sample tubes attached

to the outlet, was measured and was found to be less than expected in all cases. This

indicates that the variability was caused by the probe membrane leaking and not as result

of the addition of the sample tube. As this is unpredictable, it was concluded that it was

not possible to make reproducible sample tubes using microdialysis probes.

An alternative system was constructed that used syringe pumps and LabSmith pro-

grammable valves to inject a controlled volume of glucose/lactate standards into the

storage tubes. Figure 3.38 shows the setup used to fill the lengths of tubing.

As LabSmith components are designed to precisely manipulate volumes of fluid, this

setup ensured that each sample tube would be identical to the others. The system was

set up so that two sample tubes could be filled at once and was programmed to run

automatically.
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Syringe pumps

0.5 mM 2 mM
0.5 mM

2 mM

Tube 1

Tube 2

Figure 3.38: Experimental setup used to fill lengths of storage tubing. Two glucose/lactate

standards (0.5 and 2 mM) were pumped at 8 μl/min using Havard syringe pumps. The pumps flowed

into LabSmith three-port two-position valves, which directed the stream either into the length of

storage tubing or into a waste vial. Two sample tubes were simultaneously filled.

Stability at -80◦C

To produce the sample tubes, the system directed 2 mM glucose/lactate standard at 8

μl/min into a 1 m length of storage tubing. After a 5-minute pause, the 2 mM stream

was directed to a waste vial and the 0.5 mM stream was switched in to the sample tube

instead. After another 5-minute pause, the streams were switched again. This created

a sample tube containing three sections of 2, 0.5 and 2 mM glucose/lactate standard.

Unfortunately, as a result of technical issues with the rsMD system, it was not possible

to analyse samples on day 0, as was intended. The storage tubes were kept in the freezer

at -80◦C for 72 days before being analysed for glucose and lactate using the rsMD system

(described in section 2.3.1.1). Figure 3.39 shows the results.
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1
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Figure 3.39: Sample storage tubes kept at -80�C. Three repeats were analysed at 2 µl/min

using the rsMD system, which gave a reading every minute for each metabolite. As a result of

problems with the lactate assay during analysis of storage tube 2, it was only possible to measure

glucose levels. Dotted lines indicate the concentrations used to fill the tubes.

These results show that, even after 72 days in the freezer, the temporal resolution was

retained in all three storage tubes. At 2 mM, levels appear to be quite variable. This

is probably caused by ripples in the baseline (from fluctuations in the high-performance

liquid chromatography (HPLC) pump flow rate) overlapping with the peaks and distorting

their shape. This e↵ect leads to regular fluctuations in both metabolites, as seen here.

The glucose/lactate standards that were used to fill the storage tubes were also frozen

in vials at -80�C for 72 days. Samples of these standards were injected into the glucose

and lactate assays to verify that their levels had not changed over time. The levels were

compared with those obtained during the calibration and were found to be comparable.
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3.6.3 Summary

This investigation has demonstrated that lengths of fine-bore storage tubing can be used

to collect dialysate for delayed analysis while retaining temporal resolution. For long term

storage, sample tubes can be kept at -80�C and are stable for at least 72 days in these

conditions.

3.7 Conclusion

In summary, this chapter shows the development of various analysis methods that will be

applied throughout the thesis.

This chapter has introduced an autocalibration board, which can be used with both

the rsMD analysis system and with on-chip biosensors. The system allows calibrations to

be carried out at regular intervals without the need for someone to be present.

In addition, two biosensing systems have been described for glucose and lactate detec-

tion. The first sensing system presented was glucose and lactate biosensors, which consist

of enzyme entrapped in a hydrogel layer. In order to extend the linear range of these

biosensors, a polyurethane di↵usion-limiting layer was also incorporated. The second

biosensing system involved in-flow enzyme addition using LabSmith microfluidic compo-

nents. The system allows separate optimisation of factors influencing biorecognition and

detection. The system was also demonstrated for more complex systems.

Finally, a method of collecting dialysate in lengths of storage tubing while retaining

temporal resolution has been investigated and was shown to be feasible for o✏ine dialysate

collection and delayed analysis. The method was validated against the online analysis

method and good agreement was shown between the two methods.
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Chapter 4

Transplant organ viability

assessment: Part I

This chapter will describe the use of rapid sampling microdialysis to monitor transplant

kidneys in the period after organ retrieval, as a potential method for assessing their via-

bility prior to transplantation. This work was carried out in collaboration with Mr Karim

Hamaoui and Prof. Vassilios Papalois. In this chapter, online assessment of transplant

kidneys during two clinical preservation methods and subsequent warming will be pre-

sented. Chapter 5 will follow on from this work, extending the analysis system for use

with human organs and for preliminary analysis of transplant pancreases.

4.1 Introduction

4.1.1 The kidney

Kidneys are key regulatory organs that serve several vital bodily functions. They filter

the blood, removing metabolic waste products and foreign chemicals, and excrete them

in the urine. Kidneys also serve homeostatic functions, including regulation of water and

electrolytes, maintenance of acid-base balance and acting as a site of gluconeogenesis, pro-

ducing glucose for release to the rest of the body. In addition, the kidneys are responsible

for production of a number of hormones, including erythropoietin, as well as the enzyme

renin. The structure of the kidney is shown in figure 4.1.
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Figure 4.1: Structure of the kidney. Left: The kidney comprises an outer region, the cortex,

and an inner region, the medulla. Right: The basic functional unit of the kidney is the nephron,

which extends from the cortex to the medulla (141).

The basic functional unit of the kidney is the nephron, which is responsible for water

and electrolyte regulation by blood filtration, reabsorption and excretion. Each kidney

contains approximately 1 million nephrons. The nephron consists of a renal corpuscle,

which is the initial filtering component and is located in the cortex, and the renal tubule,

in which substances can be added or removed and which extends from the cortex into the

medulla. The fluid at the end of each nephron combines into medullary collecting ducts,

which drain into the renal pelvis, and the fluid eventually exits the kidney as urine.

4.1.2 Kidney transplantation

Kidney transplantation is the preferred treatment for end-stage renal failure, as it improves

quality of life and is more cost-e↵ective compared with dialysis (142). However, there

is a severe shortage in the number of donor kidneys available for transplantation. For

instance, between 2013-2014 there were 5881 patients on the active waiting list for a

kidney transplant in the UK and only 3256 kidney transplants were actually carried out

(including those from living donors) (143). Moreover, the median waiting time for a

kidney transplant is 1114 days for an adult patient and, in 2008, only 19% of patients

received a transplant within 1 year of registration on the national transplant list (143).

Clinical practice is limited by the shortage of donor organs, the quality of these organs

and the inability to assess their viability before transplantation (144, 145).
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The majority of deceased-donor kidneys are retrieved from donation-after-brain-death

(DBD) donors, whose hearts were beating prior to organ retrieval. However, in order

to expand the pool of available donor organs, particularly given the reduction in DBD

donors in recent years (146), alternative sources of organs have been sought and there

is increasing interest in the use of marginal donor organs, such as those from donation-

after-circulatory-death (DCD) donors. In fact, over the last decade, the number of kidney

transplants from DCD donors has increased from 6.5% of all kidney transplants performed

in 2003-2004 to 25% in 2013-2014 (143, 147). Marginal organs are under-utilised as the

traditional preservation method of static cold storage is ine↵ective in such cases, leading

to increased incidence of primary non-function (148). DCD donors are classified according

to Maastricht categories (142, 149, 150), which are:

Table 4.1: Maastricht categories of DCD donors

Category Definition Classification

Type I Dead on arrival Uncontrolled

Type II Unsuccessful resuscitation Uncontrolled

Type III Awaiting cardiac arrest Controlled

Type IV Cardiac arrest after brain-stem death Controlled

Type V Unexpected cardiac arrest in intensive care Uncontrolled

The crucial di↵erence between controlled and uncontrolled DCDs is the length of warm

ischaemia time (WIT) and hence the duration of warm ischaemic injury endured by the

kidney prior to organ preservation. In the controlled situation, WIT is typically 10-15

minutes; however, in the uncontrolled situation, WIT could be 30-60 minutes (142). Stud-

ies have shown that DCD kidneys have a higher rate of primary non-function, as well as a

higher incidence of delayed graft function (DGF), probably as a result of increased warm

ischaemic injury (142, 151). However, in terms of long-term graft survival, no significant

di↵erence has been shown between DBD and DCD kidneys (151, 152), demonstrating the

potential of using these under-utilised organs to expand the donor pool. Studies have

shown it is more important to consider other factors that may a↵ect the outcome for

DCD kidneys than for DBD kidneys (142, 152), for instance that the use of DCD organs

from older donors leads to significantly worse outcomes (153).

In addition to increasing the use of DCD donor kidneys, another solution to the short-

age of transplant kidneys is to reduce the discard rate of organs from expanded criteria

donors (ECD). Donors are classified as ECD if they are aged 60 years or older or if they

are aged between 50 and 59 years and meet 2 of the following criteria: history of hyper-

tension, serum creatinine level greater than 1.5 mg/dl (132.6 µM) and cerebrovascular

cause of death (154). One study showed that the risk of graft failure after an ECD kid-

ney transplant was 70% higher than from a non-ECD transplant (154). However, ECD
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transplants have been shown to be beneficial compared with transplant candidates who

remained on dialysis (155).

4.1.3 Renal ischaemia

Ischaemia is an unavoidable outcome of donor organ retrieval as a result of the cessation

of blood flow to the kidney. As described in section 1.3, this leads to tissue glucose

and oxygen deprivation, leading to a switch from aerobic to anaerobic metabolism in

order to meet the energy requirements of the cells. However, the quantity of high-energy

phosphates produced by anaerobic metabolism cannot meet the energy demands of the

tissue, resulting in ATP depletion and loss of metabolic activity, which in turn initiates a

cascade of cellular damage.

Ischaemic injury is an important determinant of transplantation success and can lead

to poor outcomes (156, 157). Hypothermia is itself detrimental to the tissue as it can

result in altered tissue integrity (158). Organs can tolerate moderate periods of cold

ischaemia or a short period of warm ischaemia without significant damage, but prolonged

cold ischaemia, particularly when combined with warm ischaemia, increases the severity

of the reperfusion injury (159, 160). This is because the inhibited cellular metabolism

during hypothermia prevents any reparative processes occurring after warm ischaemic

injury (158). As a result, particularly in the case of DCD organs that may have been

subjected to longer WIT, CIT should be kept as short as possible in order to reduce the

resulting ischaemic injury (156, 160, 161).

Reperfusion is the e↵ector phase of ischaemic injury. During reperfusion, repair and

regeneration occur at the same time as cell death (159) and the ultimate fate of the organ

is determined by the balance between tissue damage caused by ischaemia-reperfusion

injury (IRI) and the regenerative processes occurring (162).

4.1.4 Clinical preservation methods

The primary objective of renal tissue preservation is to maintain the viability of the donor

organ between retrieval and implantation to ensure a functional organ upon transplantion

(148, 159). The preservation technique must preserve the organ for su�cient time to allow

for transportation and for tissue typing and matching (163). In order to limit ischaemic

damage during preservation, donor kidneys are stored under hypothermic conditions, as

the organ’s metabolic rate can be reduced by 1.5-2-fold for every 10�C fall in temperature

(164, 165). This reduction in metabolic activity minimises ATP depletion and slows the

resulting processes that lead to ischaemic injury (165, 166). In addition, use of a preserva-

tion solution in combination with hypothermia can inhibit cell swelling and acidosis, and
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could further extend the preservation period (167, 168) There are currently two preser-

vation methods that are clinically approved for kidney storage: static cold storage (SCS)

and hypothermic machine perfusion (HMP).

Static cold storage (SCS)

SCS is the most widely used kidney preservation method in current clinical practice be-

cause of its simplicity (159). During SCS, the donor kidneys are flushed with a preser-

vation solution and then stored statically on ice until implantation (148, 169). Using

SCS, kidneys from standard donors can be stored for up to 24 hours (170); however, for

preservation of kidneys from DCDs, SCS is inadequate (148).

Hypothermic machine perfusion (HMP)

In HMP the donor kidney is continuously perfused with a pulsatile flow of cold preser-

vation solution at low pressure, which simulates metabolism by providing the tissue with

oxygen and metabolic substrates and by removing waste products. The preservation so-

lution also serves to minimise hypothermically induced cell swelling and oedema and to

bu↵er intracellular acidosis (167). HMP has been shown to be beneficial for prolonged

preservation times (171). Moreover, HMP allows for administration of protective agents,

for sampling of the perfusate and for monitoring of several perfusion parameters in order

to assess organ viability (172). Although studies have shown that perfusion dynamics

alone are not a reliable marker of organ viability (173, 174, 175). The pulsatile flow sim-

ulates cardiac pressure and has been shown to improve preservation (176, 177). Studies

have also shown that kidney preservation using HMP allows for extended storage of up to

24 to 30 hours (159, 171), which would enable more time for organ transplantation and

tissue matching.

Since the 1970s, there has been an ongoing debate as to which of the two clinical preser-

vation methods is superior. Many large-scale studies comparing the two techniques failed

to find any benefit of HMP compared with SCS (178, 179) and, as a result, SCS became

more widely used because of its low cost and simplicity compared with the high cost and

technical expertise required for HMP (163, 180). However, over the last decade there has

been a renewed interest in HMP as it is believed to reduce the rate of DGF, which has

been linked to poor outcomes (181). In randomised studies in which one donor kidney

of a pair was stored using SCS and the other using HMP, results have shown that the

risk of delayed function of a transplanted kidney (graft) was significantly reduced with

HMP stored kidneys and that graft survival after 1 year was significantly higher for donor

kidneys that were preserved using HMP compared with SCS (169, 182). In particular,
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there is evidence to suggest that HMP can be beneficial for preservation of ischaemically

damaged kidneys from DCD donors when compared with SCS (180, 183, 184, 185).

4.1.5 Viability assessment

As a result of expanding the donor pool to include the use of marginal organs, such as

ECD and DCD organs, there is an emerging need for better viability testing prior to

transplantation in order to identify organs that are at risk of a poor outcome. Organ

assessment may aid clinicians in deciding whether to accept or to discard a donor or-

gan prior to transplantation, as well as allowing for possible intervention to improve the

outcome. The period of time between retrieval and transplantation, in which organs are

preserved, provides a unique opportunity to assess the health of the renal tissue.

In 2013-2104, the median CIT for kidney-only transplants from DBD donors was 14.4

hours (interquartile range 11.4-17.9 hours) and for DCD donors was 13.3 hours (interquar-

tile range 10.6-16.4 hours). In 2013, 1556 kidneys were o↵ered for donation from DBD

donors, only 92% of which were actually retrieved and only 87% were transplanted, as a

result of unsuitability of the donors or organs in the other cases. Furthermore, of the 1076

kidneys o↵ered for donation from DCD donors, only 96% were actually retrieved and only

83% were transplanted, either because of donor age or organ unsuitability (143). These

statistics show that 13-17% of potential kidneys are discarded because of concerns about

their suitability for transplantation. Furthermore the long period of time between organ

retrieval and transplantation could provide an ideal opportunity for viability assessment

and intervention. As well as improving graft survival, the ability to assess viability prior

to transplantation could reduce this discard rate without compromising outcome (186).

Despite this, there are currently no accepted indicators of kidney viability and po-

tential post-operative organ function prior to transplantation; transplantation is the only

definitive test of graft viability (187, 188, 189). Several biochemical and ischaemic injury

markers have been quantified in the renal e✏uent (for instance calcium ions, heart fatty

acid-binding protein and glutathione S-transferase) (190, 191, 192); however, their use is

limited and their ability to predict kidney function in vivo is controversial (145, 192, 193).

Additionally, a study by Baicu et al. showed that changes in kidney metabolism were not

detected using biochemical analyses of renal artery e✏uent and that interstitium biochem-

ical profiles might provide a better indicator of viability and suitability for transplantation

(194).

Microdialysis has been used in a limited number of cases as a tool for organ assessment

during SCS (195, 196, 197) and HMP (194) and has shown promise as it provides an early

indication of metabolic changes. Microdialysis has been used in several studies to monitor

metabolic changes occurring in human livers after transplantation (198, 199, 200, 201);
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however, as yet no such studies after renal transplantation in humans have been conducted,

although microdialysis has been used to monitor human kidneys in patients undergoing

nephrectomies as a result of cancer (202). As there is currently no definitive measure of

function, some viable organs will inevitably be unnecessarily rejected.

In recent years there has been growing interest in the use of normothermic perfusion,

as the perfused organ is metabolically active, which allows for functional viability assess-

ments to be carried out in an attempt to predict post-transplant outcome (203, 204, 205).

Moreover, normothermic perfusion has been found to recover function of severe ischaem-

ically damaged kidneys (158, 206).

4.1.6 Lactate and the kidney

Lactate is an end-product of anaerobic glycolysis, formed by the conversion of pyruvate

by lactate dehydrogenase, and as such is a key marker of tissue hypoxia and ischaemia.

However, the physiology of lactate in the kidney is complex and di↵ers between the cor-

tex and the medulla (207, 208). The kidney can be considered as two separate organs

(as shown in figure 4.1) because of di↵erences in the distribution of enzymes along the

nephron, resulting in a functional partition across the kidney (209, 210). As a result, the

kidney comprises an intricate cortico-medullary glucose-lactate recycling system. Glucose

utilisation predominantly occurs in the medulla, where glycolysis occurs, generating lac-

tate and energy. The cortex then takes up lactate released from the medulla and other

systemic sources for oxidation and energy production and for gluconeogenesis, producing

glucose, which is released for medullary and systemic use (208, 210, 211, 212). The com-

plexity of lactate metabolism within the kidney means that care needs to be taken when

interpreting results. In fact, one study has shown that the medulla produces lactate de-

spite an adequate supply of oxygen and metabolic substrates (213). Furthermore, glucose

production in the cortex has been found to increase during acidosis (207, 209) and only

fails during marked reductions in renal blood flow (207).

Several studies have used perfusate lactate during HMP as a biomarker of renal is-

chaemic injury and have found that higher perfusate lactate levels are associated with

the risk of DGF (214, 215). In addition, lactate dehydrogenase, which converts pyruvate

to lactate and vice versa, has also been studied in the perfusate and has been shown

to be associated with primary and delayed function and even graft failure (215). How-

ever, measuring lactate in the perfusate does not provide site-specific information of renal

metabolism. Since lactate physiology in the kidney is so complex, this analysis tech-

nique is too simplistic. Microdialysis allows individual sampling of local lactate levels in

both the cortex and the medulla in order to gain a more accurate understanding of the

metabolic state of the two distinct regions during preservation.
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4.1.7 Aims

In this initial study our aims were two-fold:

1. To assess the feasibility of using rapid sampling microdialysis (rsMD) for continuous

monitoring of lactate in the renal cortex during organ preservation in a porcine model.

2. To compare the e↵ects of the two preservation techniques, SCS and HMP, on renal

metabolism during preservation and subsequent warming.

4.2 Methodology for kidney studies

In this chapter and chapter 5, a number of studies were conducted using rsMD as a

method of monitoring transplant organs. In all cases, the method of organ retrieval was

the same and, although experimental protocols varied between studies, the sample analysis

methodology was largely the same throughout. This section will describe the aspects of

the experiments that were the same throughout the transplant organ studies.

4.2.1 Organ retrieval

Porcine kidneys were retrieved from a local abattoir by clinicians and were immediately

flushed with cold preservation solution, either University of Wisconsin (Viaspan, Bristol-

Myers Squibb Pharmaceuticals Ltd, Dublin, Ireland) solution (UW) or Soltran, depending

on the study, until the e✏uent was clear. After flushing, the organs were stored in the

flushing solution and transported on ice to the laboratory.

4.2.2 Microdialysis probe insertion

MAB 11.35.4 microdialysis probes (Royem Scientific, UK) with a 4 mm membrane and a 6

kDa molecular weight cut-o↵ were used for these studies. The renal capsule was removed

and a 21 G tunnelling needle was used to make two holes in each kidney, one superficially

in the cortex and one placed deeper, perpendicular to the medulla. Once the needle was

removed, a microdialysis probe was carefully placed inside the hole and the tubing was

secured to the side of the container using tape. Figure 4.2 shows the two microdialysis

probes positioned inside a porcine kidney.
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MD probes

Catheter for cold 

perfusion

Figure 4.2: Photograph of porcine kidney with two microdialysis (MD) probes inserted.

A probe recovery experiment was carried out prior to insertion to verify that the probe

was functioning well. This was carried out by placing the microdialysis probe membrane

into a solution of a known lactate solution. The probe was left in place until steady-state

lactate peaks were obtained. The peak amplitude was compared with that of a manual

injection of the lactate standard into the valve in order to calculate a ratio of the two.

4.2.3 Online rsMD analysis system

The probe was perfused prior to insertion into the kidney to ensure it was functioning

well. This was done by flowing T1 solution through the inlet, using a syringe pump (CMA

400 pump, CMA Microdialysis, Stockholm, Sweden) at a rate of 2 μl/min. This flow rate

was chosen to minimise the delay in the dialysate reaching the analyser whilst maximising

the recovery of the probe; slower flow rates would have resulted in an increased recovery

but would have increased the lag time. The outlet tubing of the probe was connected to

the rsMD analysis system described in section 2.3.1.2. In most cases, the probe outlet

tubing was extended using fluorinated ethylene propylene (FEP) fine-bore tubing (0.12

mm ID, Royem Scientific, UK) and tubing adaptors in order to reach the analysis system.

Using this system, two kidneys could be simultaneously monitored. Every 30 seconds a

dialysate sample was injected through the lactate assay, alternately from each kidney, as

shown in figure 4.3. On some occasions, the valve switching frequency was reduced to

every 150 seconds.

119



4. TRANSPLANT ORGAN VIABILITY ASSESSMENT: PART I

mµA
Current/µA

1 min

Time

2.0

2.5

3.0

3.5

4.0

4.5

5.0
R

ed
uc

tio
n 

cu
rr

en
t (

µA
)

A
A

A A
A

A

B B B
B

B B

Figure 4.3: Extract of raw data current peaks for alternating kidneys. A sample is analysed

for lactate levels every 30 s. Peaks alternate between the two kidneys and the height is proportional

to the concentration of lactate in the sample.

4.2.4 Delayed analysis using storage tubing

In cases where a second microdialysis probe was placed into the medulla of the kidney,

the dialysate from this probe was collected into lengths of tubing for analysis at a later

time. The probe was connected to a syringe pump in the same way as for the online

analysis and was perfused with T1 solution at a flow rate of 1 µl/min. This lower flow

rate was chosen to increase the probe recovery and to reduce the length of storage tubing

required. Usually this would increase the time delay between the probe and the assay

but this was not an issue in this case as the samples were analysed later. The outlet

of the probe was connected to a length of coiled storage tubing (fine-bore polyethylene

tubing, 0.4 mm inner diameter; Smiths Medical, UK; 13 m for SCS experiments and 6

m for HMP) primed with T1 solution. These lengths of storage tubing were labelled so

that the direction of flow was known and were attached to the probe outlet using tubing

adaptors. Once filled, the ends of the storage tubing were melted to seal them, so that

the dialysate samples were not lost, and the tubes were stored in the freezer until analysis

was possible.

At the end of the kidney monitoring experiment, during which one probe for each

kidney was assayed online, the stored dialysate from the second probe was then pumped

into the online assay, e↵ectively ‘playing back’ the online liquid stream collected during

the experiment. To do this, the ends of the coiled tubings that had been connected to the

probes were detached and connected to a syringe pump and perfused with T1 solution at

a flow rate of 2 µl/min, while the other end of each of the coiled tubings was connected
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to two separate sample loops of the valve, either side of the analysis loop, as before,

allowing the data to be analysed with temporal resolution. The dialysate was analysed

as described above for the online assay. Sometimes the time was slightly distorted during

o✏ine analysis, possibly because of the presence of air bubbles in the tubing. These

di↵erences, as well as di↵erences in flow rate and delay, were accounted for to compare

these results to the online results, as shown in figure 4.4.

Online

2 µl/min, 1 hour
60 measurements

Stored 

1 µl/min, 1 hour (analysed at 2 µl/min)
30 measurements

Start Finish

Figure 4.4: Schematic comparison between the online and stored analysis methods.

Online analysis was carried out at 2 µl/min, giving 60 measurements in 1 hour. Stored samples were

collected at 1 µl/min and analysed at 2µl/min, giving 30 measurements in 1 hour.

4.2.5 Data analysis and statistical analysis

The recorded current peaks were separated in Matlab (R2011b, MathWorks, US) to pro-

duce individual results for each kidney. The data were despiked using algorithms devel-

oped for the purpose of removing artefacts caused by valve movement (104). If necessary,

a purpose-written derippling algorithm was applied to the data to remove periodic base-

line ripples caused by fluctuations in the HPLC pump flow, which occur between the

peaks of interest and can overlap with the peaks, distorting their shape and height in

slow variations. Figure 4.5 shows the results of applying the derippling algorithm to a

section of data.
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Figure 4.5: Derippling algorithm. Results of applying the derippling algorithm to a section of

data. The red trace shows the data before derippling and the blue trace shows the derippled data.

The current peaks were converted into concentrations based on calibrations (using

di↵erent concentrations of lactate) carried out before, during and after each experiment.

The results were smoothed using a Savitsky-Golay filter over 21 points and adjusted to

correct for the transit time between the microdialysis probe and the analysis system. Con-

centrations reported are dialysate concentrations and are not corrected for the unknown

in vivo probe recovery. A summary of the data analysis process is given in figure 4.6.
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Figure 4.6: Data analysis protocol. A. Summary of steps involved in data analysis process. B.

Current response of the lactate assay to increasing lactate concentrations manually injected into the

flow injection valve. Markers indicate a mean ± standard deviation (n=6) current for each lactate

standard injected into the assay with a best-fit line through these points. C. Example of processed

data for a pair of kidneys. Current peaks were separated for kidneys A and B and converted into

concentrations in Matlab using the calibration curve. D. Final results, smoothed with a 21-point

Savitsky-Golay filter.
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Calibration stability

Calibrations were initially carried out at the start and the end of each experiment, but

calibration drifts were observed to varying degrees over the course of each experiment.

To account for this, a linear change in assay sensitivity over time was assumed and both

calibrations were factored into the analysis to a di↵ering degree depending on the time

corresponding to each data point. However, in cases where there was a considerable shift

in calibration sensitivity over the course of the experiment, this analysis methodology had

a significant e↵ect on the shape of the trace, as shown in figure 4.7.
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Figure 4.7: Calibration drift over an experiment. A. The blue line represents a calibration

carried out before starting the experiment and the red line represents a calibration carried out at

the end of the experiment. Markers indicate the mean ± standard deviation (n=6) current for

each lactate standard injected into the assay with a best-fit line through these points. B. E↵ect of

calibration drift on the analysed results is shown. The red line is calculated using the pre-experiment

calibration, the blue line using the post-experiment calibration and the green line is a combination

of the two, which considerably a↵ects the overall trend.
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Observation of this calibration drift led to a change in the experimental protocol to

include more regular calibrations to ensure the accuracy of the results obtained. A sum-

mary of the adapted experimental protocol for SCS and HMP is shown in section 4.3.1

in figure 4.8. On the basis of this observation, an automatic calibration system was later

developed (as described in section 3.2.2) to improve the reliability of the results obtained.

For intra-preservation group comparisons, statistical tests were done using the paired

Wilcoxon signed-rank test (two-tail) while the Mann-Whitney U test (two-tail) was used

for inter-preservation group comparisons. Significance was taken to be p<0.05. For com-

parison, lactate levels are represented graphically using box plots showing the median and

interquartile range, with whiskers showing the 10th and 90th percentiles. Levels quoted in

the following sections represent the median value of each group for a specific time point.

4.3 Methodology for comparing renal preservation

methods

This section will describe an initial feasibility study to investigate whether rsMD could

be used to monitor donor organs in the period after retrieval and before transplantation.

Lactate profiles of porcine kidneys preserved using two clinical preservation methods, SCS

and HMP, were compared in order to determine possible di↵erences.

4.3.1 Experimental protocol

After retrieval and arrival at the hospital, kidneys underwent either a further 24 hours

of SCS or 10 hours of HMP. Ten kidneys underwent 24 hours of SCS (mean temperature

3.5�C) in the original flushing solution, while another ten underwent 10 hours of HMP

(mean temperature 7.8�C) on a Waters Medical Systems RM3 perfusion machine, perfused

with UW solution. All e↵orts were made to keep conditions constant prior to preservation.

The experimental protocol for the two preservation techniques is described in more detail

in the following sections.

A clinical decision was made to use UW solution (Viaspan, Bristol-Myers Squibb

Pharmaceuticals Ltd, Dublin, Ireland) for both HMP and SCS preservation to remove

di↵erences in preservation solution as a source of variability. In clinical practice, UW

solution is used for SCS preservation but the Belzer-MPS variant, which contains glucose,

is used for preservation by HMP, although studies have suggested that UW solution may

be superior to the Belzer-MPS variant for ischaemically damaged kidneys (216).

Following 24 hours of SCS or 10 hours of HMP, preservation support was stopped

abruptly and each kidney was allowed to warm passively for 2 hours to room temperature
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in order to detect changes in lactate concentrations occurring as a result of increasing

tissue temperature and ischaemic cellular injury. This was a massive challenge for the

kidneys to test their reaction to the rewarming injury and the potential e↵ect of each

preservation method on the reaction of the kidney to the challenge.

Dialysate lactate levels were measured throughout the entire protocol in both the

cortex and the medulla for each kidney. Cortical dialysate was analysed online in real

time, while medullary dialysate was collected into lengths of storage tubing and analysed

o✏ine at a later time.

Figure 4.8 describes the main steps of the experimental protocol.

Flushing & cold storage

Transport to lab

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

10 hrs

Static cold storage
24 hrs

Passive warming
2 hrs

Passive warming
2 hrs

~4-5 hours

Organ procurement 
& dissection 

~ 15 min

Calibration Data 
(2 hrs) Calibration Data

(8 hrs) Calibration
Data

(14 hrs) Calibration Data
(2 hrs) Calibration

SCS Preservation WarmingB

C
Calibration Data 

(2 hrs) Calibration Data
(8 hrs) Calibration

Data
(2 hrs) Calibration

HMP Preservation Warming

A

Figure 4.8: Experimental protocol for the two preservation groups. A. Overall, 20 kidneys

were monitored using this protocol, 10 during 24 hours of SCS and 2 hours of subsequent warming,

and 10 during 10 hours of HMP and 2 hours of subsequent warming. B. Timeline indicates the cali-

bration protocol throughout monitoring for SCS experiments. C. Timeline indicates the calibration

protocol throughout monitoring for HMP experiments.
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4.3.1.1 Static cold storage

During preservation by SCS, kidneys were placed into a plastic box and were partially

submerged in UW solution. They were then placed on ice in an insulated box, as shown

in figure 4.9. Microdialysis probes were inserted into the cortex of each kidney for online

analysis and into the medulla for collection and delayed analysis. A temperature probe

(Thermalert TH-5, Physitemp, Clifton, USA) was also inserted into one of the kidneys to

simultaneously monitor the tissue temperature. The kidneys were continuously monitored

for 24 hours, after which time they were removed from the ice and allowed to warm for

2 hours. Five pairs of kidneys (n=10) were monitored during SCS, 9 of which were

monitored during an additional 2 hours of passive warming to ambient temperature. For

this group, the mean WIT was 15 ± 2.7 min (n=10).

Syringe pump

Temperature 

probe

RsMD flow 

injection valve

Lactate enzyme

reactor

Figure 4.9: Experimental setup for static cold storage preservation. The two kidneys were

placed on ice in an insulated box. Two microdialysis probes were placed in each kidney and perfused

using a syringe pump. A temperature probe was also placed in one of the kidneys. The dialysate

outflow from one probe in each kidney flowed into the rsMD analysis system for simultaneous online

measurement of lactate in two kidneys.

4.3.1.2 Hypothermic machine perfusion

During HMP, each kidney was placed onto a separate RM3 perfusion machine (Waters

Medical Systems, Rochester, USA), as shown in figure 4.10. Microdialysis probes were in-

serted into the cortex of each kidney for online analysis and into the medulla for collection

and delayed analysis, after which, perfusion commenced. This involved pumping cold UW
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preservation solution, in a pulsatile manner, through the renal artery of each kidney. The

kidneys were continuously monitored for 10 hours, after which time a temperature probe

was inserted into one and perfusion was stopped. The kidneys were allowed to warm for

2 hours and were monitored throughout. Three pairs and four individual kidneys (n=10)

were monitored during HMP and subsequent warming. For this group, the mean WIT

was 15.4 ± 1.7 min and the mean CIT prior to beginning perfusion was 4 ± 0.5 hours

(n=10). Perfusion parameters measured by the perfusion machine, such as temperature,

flow rate and vascular resistance, were monitored throughout. Systolic perfusion pressure

was adjusted hourly in the first four hours and regulated to 40 mmHg; after 4 hours no

further changes were made to the perfusion parameters.

Lactate enzyme

reactor

RsMD flow 

injection valve

Syringe pump

Organ perfusion 

machines

RsMD system

Figure 4.10: Experimental setup for preservation by HMP. Each kidney was placed on a

perfusion machine, which pumped it with cold preservation solution in a pulsatile manner. Two

microdialysis probes were placed in each kidney and perfused using a syringe pump. The dialysate

outflow from one probe in each kidney flowed into the rsMD analysis system for simultaneous online

measurement of lactate in two kidneys.
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HMP cooling e�ciency

In HMP, the organs are cooled from the inside by perfusion with a cold preservation

medium. This mechanism of cooling is very di↵erent to that of SCS, in which the organs

are cooled by the surrounding ice. In order to gain an understanding of the cooling

e�ciency of HMP, the temperature of the perfusate going into and out of the kidney

was measured, as well as the tissue temperature, with and without additional cooling, as

shown in figure 4.11.

Perfusate in
5.2°C  

Perfusate out
7.9°C  

Tissue 
8.6°C  

Perfusate in
4.9°C  

Perfusate out
6.5°C  

Tissue 
6.3°C  

Without ice With additional ice
A B

Figure 4.11: E↵ect of additional cooling during HMP. A. Without additional cooling, the

warmer tissue caused the perfusate temperature to rise by 2.7�C B. With additional ice around the

kidney, the perfusate temperature rose by only 1.6�C.

These results show that cooling by HMP is ine↵ective without additional ice around the

kidney because the perfusate temperature increased by 2.7�C as it was pumped through

the relatively warm tissue. By contrast, when ice blocks were placed around the kidney to

provide additional cooling from the outside, the tissue temperature decreased, reducing

the warming e↵ect of the kidney on the perfusate to a 1.6�C increase. In a clinical

situation, HMP is typically carried out at temperatures of 4-6�C (217). However, in our

experimental model, the current system was inadequate at maintaining these low tissue

temperatures as a result of the e↵ect of the warm surroundings during preservation. To

more closely replicate the clinical situation, additional ice packs were placed around the

kidney when necessary.

In reality, maintaining these cold temperatures during HMP proved complex; ice packs

could not be placed directly on the kidney, as the pressure would have a↵ected the per-

fusion dynamics. Instead, a frame was built to hold the ice packs, which could be placed

around the kidney. Submerging the kidney in cold perfusion solution may have been a
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more e↵ective means of cooling but this was not possible with the current system. More-

over, with the current system the cooling e�ciency is limited by perfusion dynamics; if

the kidney is not well perfused then the cooling e↵ect of the cold perfusion medium on

the tissue will be less.

4.4 Results: during preservation

4.4.1 SCS cortex and medulla

Preservation by SCS was conducted at temperatures as low as possible and e↵orts were

made to maintain a constant temperature throughout. The mean temperature throughout

the preservation period was 3.5 ± 1.8�C (n=10).

Figure 4.12 shows the dialysate lactate concentration in the cortex for kidneys pre-

served using SCS. Box plots also show median concentrations at key time intervals during

the 24-hour period. Sets of paired kidneys tended to display very similar trends to one

another over the course of the preservation, as shown in figure 4.12, where similar colours

represent pairs of kidneys.
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Figure 4.12: Dialysate cortical lactate profiles during SCS. A. Dialysate lactate levels over

24 hours are shown. B.Magnified view of the first 5 hours of preservation shown. Each line represents

real-time data of an individual kidney with a point every minute (every 5 minutes in 2 cases, for

the section from 2 hours to end) smoothed with a Savitsky-Golay 21-point filter. Similar colours

indicate pairs of kidneys (red, orange, green, blue and purple). Gaps in the data correspond to

mid-experiment calibrations. Inset: Median lactate concentrations of SCS kidneys at 4 key time

intervals during the 24 hours of preservation, shown here for clarity and evaluated in more detail

in figure 4.22. Shaded regions indicate the data window averaged to give the data presented in the

box plots. Box plots show median levels and interquartile range. Whiskers indicate 10th and 90th

percentiles. Significance: ** p<0.01, NS=not significant.

In all cases, lactate levels began high and decreased to a near steady state after

1.5 hours of preservation, as shown in figure 4.12B. Paired statistical analysis, using a

Wilcoxon signed-rank test to compare the change in lactate concentration between the

mean level at 15-30 minutes and that at 1-1.5 hours, showed a significant decrease in the
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dialysate lactate concentration from a median of 114 to 65 µM in this period. However, it

is not clear, whether the initially high lactate concentrations seen were an experimental

artefact, as a result of handling of the kidney and of probe insertion. Typically, tissue

stabilisation following probe insertion has been found to occur within 12 minutes of probe

insertion (99), suggesting that, in this case, additional factors contributed to this e↵ect,

as levels took longer to decrease to a stable value. After 1.5 hours, levels remained low

and no further changes were seen overall, as levels at 24 hours were still a median of 63

µM, although individual fluctuations were still observed. Statistical analysis to compare

the mean levels at 1-1.5 hours to those at 23.5-24 hours into preservation showed no

significant change in the lactate levels.

The microdialysis probes were not secured in position inside the kidney and, as a

result, movement could lead to a temporary spike in dialysate lactate levels. An example

of this e↵ect is shown in figure 4.13, where a kidney in which the microdialysis probe was

moved slightly is compared with one in which no movement occurred. When the probe

remains stationary, the tissue immediately surrounding the membrane becomes depleted

of lactate as a result of di↵usion across the probe membrane. If a disturbance causes

the probe to move at all, the membrane will then come into contact with tissue that

has not been depleted in this way, causing a temporary increase in the lactate detected.

Interestingly, the time-scale of the increase and its return to normal levels is comparable

with the spike seen initially during SCS, suggesting that this may also have been an e↵ect

of probe stabilisation. As a result, care had to be taken throughout these experiments to

avoid any unnecessary probe movement.
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30 min

Time 

Figure 4.13: Concentration artefact caused by microdialysis probe movement. Lactate

concentration change caused by movement of implanted microdialysis probe in the kidney (light blue)

compared with results from a kidney in which no such probe movement occurred (red).

In contrast to the trends observed in the cortex, there was no significant change in

medullary lactate levels during the 24 hours of SCS, as shown in figure 4.14 (traces not

shown here).
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Figure 4.14: Dialysate medullary lactate profiles during SCS. Box plots show medullary

lactate concentrations of SCS kidneys at 4 key time intervals during the 24 hours of preservation.

Box plots show median levels and interquartile range. Whiskers indicate 10th and 90th percentiles.

Significance: NS=not significant.
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4.4.2 HMP cortex and medulla

As with SCS, efforts were made to keep temperatures low and consistent during preserva-

tion by HMP. As described earlier, temperatures were higher for this preservation method,

as cold perfusion was less efficient at effectively cooling the kidney than storage on ice.

The mean temperature throughout the HMP preservation period was 7.8 ± 1.9◦C (n=10),

as measured in the perfusate by the perfusion machine. As discussed in section 4.3.1.2,

we subsequently found that cooling was poor using HMP and as a result real tissue tem-

peratures would have been even higher.

Figure 4.15 shows the dialysate lactate concentration in the cortex for kidneys pre-

served using HMP. Box plots also show median concentrations at key time intervals during

the 10-hour period. In this case, the matching between pairs of kidneys was not as good

as with the SCS group. This is likely to be because in these experiments each kidney

was perfused on a separate perfusion machine that, in retrospect, did not cool the organs

efficiently in ambient laboratory temperatures.
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Figure 4.15: Dialysate cortical lactate profiles during HMP. Each line represents real-time

data of an individual kidney with a point every minute (every 5 minutes in 2 cases, for section from

2 hours to end) smoothed with a Savitsky-Golay 21-point filter. Similar colours indicate pairs of

kidneys (blue, purple and pink). The green, red, brown and grey traces represent single kidneys.

Gaps in the data correspond to mid-experiment calibrations. Inset: Median lactate concentrations

of SCS kidneys at 3 key time intervals during the 10 hours of preservation, shown here for clarity and

evaluated in more detail in figure 4.22. Shaded regions indicate the data window averaged to give

the data presented in the box plots. Box plots show median levels and interquartile range. Whiskers

indicate 10th and 90th percentiles. Significance: ** p<0.01, NS=not significant.
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For these kidneys, the initial trend varied; in some cases the lactate began high and

then decreased sharply and in other cases the lactate concentration began low. The

average lactate concentration between 15-30 minutes for each kidney (median 98 µM)

was compared with that between 1-1.5 hours (median 124 µM) using a Wilcoxon signed-

rank test, which showed no significant change. After the initial period, dialysate lactate

concentrations steadily rose over the course of the experiment. Further statistical analysis

to compare the average lactate concentration between 1-1.5 hours into cold perfusion for

each kidney to that between 9.5-10 hours (median 230 µM) showed a significant increase.

The overall trend in medullary lactate levels was the same as for the cortex, as shown

in figure 4.16 (individual traces not shown). As seen in the cortex, medullary lactate

levels also remained stable during the initial 1.5 hours of preservation, with no significant

change during this time, followed by a significant increase over the remaining preservation

time.
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Figure 4.16: Dialysate medullary lactate profiles during HMP. Box plots show medullary

lactate concentrations of HMP kidneys at 3 key time intervals during the 10 hours of preservation.

Box plots show median levels and interquartile range. Whiskers indicate 10th and 90th percentiles.

Significance: * p<0.05, NS=not significant.

4.5 Results: during passive warming

4.5.1 SCS warming

After 24 hours of SCS, kidneys were removed from the ice and allowed to warm to ambient

temperature for 2 hours. The lactate levels in the cortex and the medulla were measured

throughout this time. Figure 4.17 shows how the dialysate lactate concentration in the

cortex changed over this period of warming compared with the pre-warming levels.
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Figure 4.17: Dialysate cortical lactate profiles during passive warming after SCS. After

24 hours of preservation, kidneys were removed from the ice and allowed to warm passively to ambient

temperature. The dotted line indicates when warming began. Each line represents real-time data of

an individual kidney with a point every minute, smoothed with a Savitsky-Golay 11-point filter.

Similar colours indicate pairs of kidneys (red, orange, green and blue). Inset: Median lactate

concentrations of SCS kidneys at 3 key time intervals during the 2 hours of passive warming are

shown here for clarity and evaluated in more detail in figure 4.24. Shaded regions indicate the data

window averaged to give the data presented in the box plots. Box plots show median levels and

interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: ** p<0.01, NS=not

significant.

As shown in figure 4.17, there was an initial peak in cortical lactate levels on cessation

of cold storage, which then decreased to a stable level within 1 hour, with levels signifi-

cantly higher after 1 hour of warming (median 121 μM) compared with pre-warming levels

(median 65 μM). However, no further increase was seen after 2 hours of warming (median

133 μM) even though the temperature continued to increase. Maximum lactate levels

were detected almost immediately after the onset of warming (median 11 min, n=9).

By contrast, medullary lactate levels showed a different trend to that of the cortex. As

shown in figure 4.18, there was a significant increase in the lactate concentration during

the first hour of warming (median 644 μM) compared with pre-warming levels (median

381 μM) and there was no further change after another hour of warming (median 667

μM), despite the temperature continuing to increase. This trend is similar to that of

the cortex, but in this region, no initial peak in lactate was observed upon commencing

warming (traces not shown). Moreover, the median time to maximum lactate levels after
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the onset of warming was much longer in the medulla than in the cortex (median 120

minutes, n=9).
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Figure 4.18: Dialysate medullary lactate levels during passive warming after SCS. Box

plots show medullary lactate concentrations of SCS kidneys at 3 key time intervals during the 2

hours of passive warming to ambient temperature. Box plots show median levels and interquartile

range. Whiskers indicate 10th and 90th percentiles. Significance: ** p<0.01, NS=not significant.

4.5.2 HMP warming

After 10 hours of HMP, perfusion was stopped and kidneys were allowed to warm to

ambient temperature for 2 hours. Figure 4.19 shows the cortical lactate concentration

during 2 hours of passive warming compared with pre-warming levels.
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Figure 4.19: Dialysate cortical lactate profiles during passive warming after HMP.

After 10 hours of preservation, perfusion was stopped and kidneys were allowed to warm passively to

ambient temperature. The dotted line indicates when warming began. Each line represents real-time

data of an individual kidney with a point every minute, smoothed with a Savitsky-Golay 21-point

filter. Similar colours indicate pairs of kidneys (blue, purple and pink). Inset: Median lactate

concentrations of HMP kidneys at 3 key time intervals during the 2 hours of passive warming are

shown here for clarity and evaluated in more detail in figure 4.24. Shaded regions indicate the data

window averaged to give the data presented in the box plots. Box plots show median levels and

interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: ** p<0.01, NS=not

significant.

As shown in figure 4.19, cortical lactate levels significantly increased after 2 hours of

passive warming (median 470 μM) compared with pre-warming levels (median 241 μM).

For this group, the time to maximum detected lactate was significantly longer than for

the SCS group (median 120 min, n=10), as there was no initial peak.

In order to passively warm the kidneys after HMP, as well as subjecting the kidneys to

increasing temperatures, perfusion was also stopped. The increase in lactate seen during

this warming phase could therefore have been due to the cessation of perfusion, resulting

in the accumulation of lactate that had previously been washed out. To test this theory,

after 10 hours of HMP, one kidney was warmed for 2 hours while perfusion continued. This

was achieved by replacing the ice, which normally cools the perfusion solution, with water

at room temperature and allowing the perfusion solution to warm to ambient temperature

as it circulated. Figure 4.20 shows the cortical lactate profile for this kidney during the 2

hours of warm perfusion. The lactate profile for this kidney is very similar to those of the
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other HMP kidneys, which were warmed without perfusion, suggesting that the lactate

increase during warming is not because of cessation of perfusion but is due to the e↵ect

of the increasing temperature.
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Figure 4.20: Dialysate cortical lactate profile during warm perfusion after HMP. After

10 hours of HMP, the ice was removed from the perfusion machine and the perfusate was allowed

to warm to ambient temperature. The kidney was continuously perfused for the following 2 hours.

The dotted line indicates when warming began.

In this case, medullary lactate profiles showed a similar trend to that of the cortex

(traces not shown). As shown in figure 4.21, there was no significant increase in medullary

lactate levels during the first hour of warming (median 629 µM) compared with pre-

warming levels (median 517 µM); however, levels significantly increased after 2 hours of

passive warming (median 926 µM). In the medullary region, the median time to maximum

lactate levels after the onset of warming was similar to the cortical region (median 98

minutes, n=10).
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Figure 4.21: Dialysate medullary lactate levels for HMP kidneys during passive warm-

ing. Box plots show medullary lactate concentrations of HMP kidneys at 3 key time intervals

during the 2 hours of passive warming to ambient temperature. Box plots show median levels and

interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: ** p<0.01, NS=not

significant.

4.6 Comparison of preservation methods

4.6.1 During preservation

Figure 4.22 shows a comparison of the mean cortical lactate levels in kidneys stored using

the two preservation methods at key time points. Important di↵erences can be identified

between the lactate profiles for the two preservation methods. Over the initial 1.5 hours

of preservation there was no significant di↵erence in the lactate profiles of kidneys stored

by the two techniques, despite the di↵erence in storage temperature. However, after 10

hours of preservation, the lactate levels of HMP stored kidneys were dramatically higher

(median 230 µM, n=10) than for those stored by SCS (median 68 µM, n=9).
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Figure 4.22: Dialysate cortical lactate levels for kidneys undergoing SCS and HMP. Box

plots show cortical lactate concentrations of HMP kidneys (n=10) and SCS kidneys (n=10) at key

time intervals during the 10 and 24 hours of preservation, respectively. Box plots show median levels

and interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: ** p<0.01, ****

p<0.0001, NS=not significant.

By contrast, in the medulla, there was no significant di↵erence in lactate levels between

the two preservation methods over 10 hours of preservation, as shown in figure 4.23.
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Figure 4.23: Dialysate medullary lactate levels for kidneys undergoing SCS and HMP.

Box plots show medullary lactate concentrations of HMP kidneys (n=10) and SCS kidneys (n=10)

at key time intervals during the 10 and 24 hours of preservation, respectively. Box plots show median

levels and interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: * p<0.05,

NS=not significant.

4.6.2 During warming

The mean increase in temperature during 2 hours of warming was similar for kidneys

stored using the two preservation methods (median increase: SCS 13.2�C, interquartile
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range 11.6-13.3�C, n=9; HMP 11.1�C, interquartile range 10.1-11.4�C, n=10). Further-

more, there was no significant di↵erence between the final temperature after 2 hours of

warming for the two groups; for SCS stored kidneys the final median temperature was

17.1�C and for HMP stored kidneys the final median temperature was 17.9�C.

In both preservation groups, there was a significant increase in cortical lactate levels

after 2 hours of passive warming, as shown in figure 4.24. However, the increase in lactate

during the warming phase was significantly higher for kidneys that had been preserved by

HMP (median 143 µM) compared with those that had been preserved by SCS (median

56 µM). Additionally, the cortical lactate profiles of SCS stored kidneys during warming

were very di↵erent to those of HMP stored kidneys, with levels peaking a median of 11

minutes compared with 120 minutes after the onset of warming, respectively.
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Figure 4.24: Dialysate cortical lactate levels during passive warming after SCS or HMP.

A. Box plots show cortical lactate concentrations of HMP kidneys (n=10) and SCS kidneys (n=9) at

key time intervals during the 2 hours of passive warming following preservation. B. Comparison of

cortical lactate increase over the 2 hours of warming for the two preservation groups. Box plots show

median levels and interquartile range. Whiskers indicate 10th and 90th percentiles. Significance: *

p<0.05, ** p<0.01, *** p<0.001, NS=not significant.

Medullary lactate levels also significantly increased after 2 hours of warming, as shown

in figure 4.25. However, in contrast to the cortical region, there was no significant dif-

ference in the medulla between the magnitude of the increase for the two preservation

groups. The medullary lactate profiles of kidneys stored using the two preservation meth-

ods were very similar, with lactate levels peaking after a median of 120 minutes for SCS

stored kidneys and after a median of 98 minutes for HMP stored kidneys.
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Figure 4.25: Dialysate medullary lactate levels during passive warming after SCS or

HMP. A. Box plots show medullary lactate concentrations of HMP kidneys (n=10) and SCS kidneys

(n=9) at key time intervals during the 2 hours of passive warming following preservation. B. Com-

parison of medullary lactate increase over the 2 hours of warming for the two preservation groups.

Box plots show median levels and interquartile range. Whiskers indicate 10th and 90th percentiles.

Significance: ** p<0.01, NS=not significant.

Area-under-the-curve (AUC) analysis of the lactate profiles during the initial 40 min-

utes of warming was carried out and was compared with an assumed linear increase using

a one-sample t-test (two-tail) to test whether the data were significantly di↵erent from a

linear increase. Results of this analysis are shown in figure 4.26. For SCS stored kidneys,

cortical lactate levels showed a highly significant positive AUC, whereas medullary levels

showed a significant negative AUC. For kidneys preserved by HMP, AUC values were not

significantly di↵erent from zero in either cortical or medullary regions.
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Figure 4.26: Area-under-the-curve analysis of kidney lactate profiles during warming.

The lactate profile during the initial 40 minutes of passive warming was compared with a linear

increase model for the cortex and the medulla in the two preservation groups. Histograms show

mean difference, error bars indicate the standard error. Significance: ** p<0.01, *** p<0.001,

NS=not significant. Inset: Diagram showing how the area-under-the-curve analysis was carried

out. A straight line was used to join the levels before warming and after 40 minutes of warming

for each kidney. This linear increase was subtracted from the actual data. If the difference was

not significantly different from 0 then the increase was effectively linear, if it was positive then it

represented a peak (example shown in pink) and if it was negative it represented a trough (example

shown in blue).

Is the AUC change in SCS kidneys an artefact caused by probe movement?

In this experimental protocol, in order to warm the SCS stored kidneys, they first had to be

physically removed from the ice. As shown in figure 4.13, any movement of the probe can

result in artefacts in the signal, which are similar in shape to those seen on commencing

warming in the cortex of SCS stored kidneys. In order to rule out that the cortical

warming trend for SCS stored kidneys was a result of probe movement, an experiment

was conducted in which the kidneys were allowed to warm to room temperature without

the need to remove them from the ice box. In order to achieve this a shelf was constructed

inside the ice box onto which the kidneys were placed. At the end of preservation, the ice

was melted by addition of room temperature water and the water drained out through

a hole at the bottom of the box. As the kidneys were placed on a shelf inside the ice

box, the varying ice level did not cause the kidneys to move at all. Figure 4.27 shows the

cortical lactate profile for a kidney that was not moved upon warming compared with a

‘typical’ kidney, which was moved. The initial peak in lactate that was previously seen at
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the onset of warming was seen even when the kidney was not moved, implying that the

peak is not an artefact caused by prove movement but a real physiological change.
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Figure 4.27: Cortical lactate profiles during warming, with and without movement.

Cortical lactate concentrations during 2 hours of passive warming following 24 hours of SCS are

shown. The purple trace represents the cortical warming profile for a ‘typical’ kidney, which was

moved during the warming phase and the red trace represents a kidney that was warmed without any

movement. Traces have been time-aligned and time 0 (dotted line) indicates when warming began.

Is the di↵erence between SCS and HMP kidneys upon warming caused by

di↵erences in CIT?

In our study, markedly di↵erent lengths of cold preservation were used between the SCS

and HMP groups. These times were chosen to mimic clinical situations in our institution;

when kidneys are preserved using HMP, total CIT is usually kept below 20 hours, while

kidneys preserved using SCS may be subjected to longer CIT as a result of transportation

considerations. However because of logistical constraints more than 10 hours of HMP was

not feasible as the perfusion machine needed to be constantly topped up with ice. As the

kidneys were collected at 6am and the laboratory was locked at 11pm, longer times were

not possible. As a result, it was critical to identify whether the di↵erent warming profiles

seen for the two preservation groups were a result of these di↵erences in CIT. Figure 4.28

shows a pair of kidneys, one of which was stored on ice for 10 hours, to mimic the HMP

situation, while the other was stored on ice for 24 hours, as was the case for the rest of

SCS group. Moreover, care was taken not to move either kidney during warming.
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Figure 4.28: Cortical lactate profiles during warming, after varying lengths of SCS.

Cortical lactate concentrations during 2 hours of passive warming following 24 (red) and 10 (blue)

hours of SCS are shown. Traces have been time-aligned and time 0 (dotted line) indicates when

warming began. In both cases, care was taken not to move either kidney during warming.

The pair of kidneys should have been of a similar health before retrieval and were

subjected to the same WIT and CIT prior to preservation. In this comparison, at the end

of preservation the kidney that was stored for 10 hours should have been healthier than

the one that was stored for 24 hours. The kidney that had been subjected to SCS for 10

hours showed a similar trend to that seen for kidneys stored on ice for 24 hours, with an

initial peak at the onset of warming. Interestingly, however, the magnitude of this peak

was considerably less than for its pair, which was stored for longer on ice. In addition, the

peak seemed to be delayed compared with the kidney subjected to a longer CIT. In this

respect, the kidney stored on ice for the shorter 10 hours more closely resembled the HMP

kidneys than the kidney stored on ice for 24 hours, as the maximum lactate concentration

was observed at the end of warming for HMP kidneys. This preliminary result suggests

that the di↵erence in cortical lactate seen during warming between the two preservation

groups is not simply a result of the di↵ering CIT but an e↵ect brought about by the

storage method itself. The results suggest that, for SCS, the size and the timing of the

peak could provide some indication of kidney health; however, more experiments would

need to be carried out to reach any firm conclusions regarding this.
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4.7 Cortex versus medulla

For both HMP and SCS, the lactate concentration in the medulla was significantly higher

than in the cortex at all selected time points throughout preservation. For convenience,

values from figures 4.24 and 4.25 are summarised in table 4.2.

Table 4.2: Summary of median cortical and medullary values during SCS and HMP (n=10),

compared using Wilcoxon signed-rank test (two-tail), * p<0.05, ** p<0.01, **** p<0.0001.

Time-point [Lactate]Cortex (µM) [Lactate]Medulla (µM) Significance

SCS

15 - 30 min 114 600 ****

1 - 1.5 hr 64.9 478 ****

9.5 - 10 hr 68.0 474 ****

23.5 - 24 hr 62.9 374 **

HMP

15 - 30 min 97.6 425 **

1 - 1.5 hr 124 315 *

9.5 - 10 hr 230 551 **

As described in section 4.2, the use of storage tubing for collection of the medullary

dialysate and the use of online analysis for the cortical dialysate required the microdialysis

flow rate used for the two regions to be di↵erent, with 2 µl/min used for the cortex and 1

µl/min for the medulla. As a result, we would expect the probe recovery to be higher in

the medulla than in the cortex. In order to ascertain whether higher probe recovery is the

cause of the higher levels of lactate observed in the medulla, a ratio of the average cortical

and medullary lactate concentrations at each time point was taken. SCS and HMP groups

were treated separately, as the di↵erence in temperature between the two preservation

groups may also have had an e↵ect on probe recovery (197). The mean medulla/cortex

ratio was 7.2 ± 5.7 (n=39) for the SCS kidneys and 5.0 ± 6.4 (n=27) for the HMP kidneys.

For each individual kidney there was considerable variation in the ratio over the course

of the preservation period. If the di↵erence in magnitude in the two regions was simply

a recovery e↵ect, we would expect the ratio to be constant for each kidney. Moreover,

for a probe placed in a beaker containing a stirred solution of lactate, the concentration

of lactate in the dialysate at 1 µl/min was 1.9 times that at 2 µl/min. Therefore, the

di↵erence between cortical and medullary lactate concentrations was considerably higher

than the recovery di↵erence in vitro for the two flow rates. Alternatively, to investigate

this e↵ect, we could consider the number of moles recovered by the probe per second at

each flow rate. So, for the in vitro beaker experiment previously described, the ratio of

the number of moles recovered by the probe at 1 µl/min to that at 2 µl/min was 0.95
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but, in vivo, this ratio was 2.54 and 1.65 for the SCS and HMP groups, respectively.

These results suggest that the di↵erences observed in the cortex and the medulla were

not caused by probe recovery e↵ects alone and that lactate levels in the medulla really

were higher than those in the cortex. However, it is di�cult to make any firm conclusions

regarding the size of this di↵erence.

4.8 Discussion

This chapter has described the use of rsMD to identify key di↵erences in renal metabolism

during preservation using the two clinical methods, SCS and HMP, as well as during

subsequent warming. The lactate profiles of kidneys stored using the two preservation

methods showed significant di↵erences, both during preservation and during the warming

phase.

Preservation phase

As a result of the washout e↵ect provided by HMP, it was initially assumed that tissue

lactate levels in HMP preserved kidneys would be lower than in SCS preserved kidneys,

with levels predicted to progressively rise as lactate accumulation occurred during SCS.

However, interestingly in this study the reverse was found; after the initial hour of SCS,

cortical lactate levels remained low and stable, while lactate levels in HMP preserved

kidneys progressively increased. The stable lactate levels observed during SCS appear to

contradict previous findings in the literature (195, 218).

Typically, in clinical practice, HMP is carried out at temperatures between 4-6�C,

while SCS is performed at lower temperatures between 2-4�C (217, 219). On the basis

of this, experimental protocols in this study were designed to mimic clinical practice as

closely as possible to enable clinical translation of the data generated. However, as a

result of this, in addition to the ine�ciency of HMP cooling, SCS kidneys were typically

stored on average 4.6�C lower than HMP kidneys. As a result, local glycolytic activity may

have been limited in SCS stored kidneys because of the lower temperatures slowing cellular

function and leading to a reduction in energy demand and metabolism rates. Furthermore,

in contrast to SCS, kidneys preserved by HMP were subjected to sustained pulsatile

perfusion, which in turn allowed bu↵ering of intracellular and extracellular acidosis, as

well as removal of metabolic products. Hence, for SCS stored kidneys the local glycolytic

activity may also have been limited by a finite supply of glucose and ATP precursors, as

well as by the inhibitory e↵ect of acidosis on glycolysis rates.

However, as described in section 4.1.6, lactate metabolism in the kidney is complex.

One theory for the increasing lactate levels observed during HMP is that the perfusion

circuit provides the possibility for removal of local metabolic products from one part of
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the kidney and for redistribution throughout the organ as the perfusate is recycled. As

a result, local transport and distribution of glucose and lactate between the cortex and

the medulla could be re-established, which in the cortex could facilitate low levels of

glucose and energy production in the presence of oxygen, as well as further glycolysis in

the medulla.

To test this theory further, a preliminary study to test the glucose and lactate levels

of HMP perfusate samples was carried out. E✏uent samples were taken at the start of

HMP, and then after 3, 6 and 10 hours. The samples were stored at -80�C and were

analysed at a later date using the rsMD system described in section 2.3.1.1. Each sample

was manually injected into the system until 6 peaks were obtained for each of glucose and

lactate. Figure 4.29 shows data from perfusate analysis of two HMP kidneys.
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Figure 4.29: Analysis of renal e✏uent metabolite concentrations during HMP. Perfusate

lactate (green) and glucose (red) concentrations during 10 hours of HMP for two kidneys are shown.

The darker and lighter colours indicate the two kidneys. Samples of e✏uent were manually injected

into the rsMD analysis system and converted to concentrations on the basis of calibrations. Markers

indicate mean ± standard deviation (n=6) of sample injections. Lactate increased during HMP,

while glucose peaked after several hours and declined until the end of perfusion.

For these kidneys, perfusate lactate levels increased throughout HMP preservation,

while perfusate glucose levels increased over the initial 3 hours of perfusion and decreased

over the remaining preservation period. The increase in glucose observed during the

initial 3 hours of perfusion suggests that cortical gluconeogenesis was occurring, resulting

in the local production of glucose (207, 220). As the perfusate was recycled, this glucose

could be transported to the medulla, facilitating further glycolysis and resulting in the

increasing lactate levels seen in both the tissue and the perfusate. Moreover, the higher
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levels of lactate detected in the medulla, compared with the cortex further support this

explanation.

In summary, HMP enables re-establishment of glucose-lactate recycling within the

kidney, as well as delivery of low levels of oxygen and nutrients in the perfusate, which

may be su�cient to facilitate resumption of a certain degree of inherent physiological

function. However, as SCS kidneys were not perfused, these benefits were not provided,

which may explain the di↵erent lactate profiles observed between the two preservation

modalities.

Warming phase

The warming phase of the experimental protocol was designed to test the reaction of the

kidney to an extreme challenge and to investigate how kidneys preserved by SCS and

HMP are a↵ected by this reaction. As temperatures increased, the type of ischaemia

the kidneys were subjected to changed from hypothermic to sub-normothermic, resulting

in further, more deleterious cell damage and death, which corresponds to the increased

lactate levels observed. The initial spike in lactate levels seen in the cortex of SCS

preserved kidneys in the first 30-40 minutes of warming could have been caused by a surge

in the limited metabolic activity of the kidneys and in anaerobic glycolysis brought about

by the sudden temperature increase. Furthermore, the subsequent decrease in lactate to

lower stable levels could represent surviving cortical cells with minimal metabolic activity.

By contrast, HMP preserved kidneys showed a gradual increase in cortical lactate over 2

hours of warming. In this case, any contribution from the medulla would be negligible, as

without continued perfusion, glucose-lactate recycling would not be possible. Therefore,

the progressive lactate increase observed for HMP preserved kidneys during warming is

probably due to increased anaerobic glycolysis and may represent similar cell damage to

that observed in the SCS group but over a protracted period of time. The time over which

the cell damage occurs may indicate the ability of the kidneys to tolerate the warming

insult, suggesting that preservation by HMP provides some protection for the kidneys.

With respect to their function and metabolic activity, the medulla and the cortex

can be considered as physiologically distinct entities (207, 220, 221). In contrast to the

cortex, kidneys preserved by HMP and SCS showed similar trends in medullary lactate

levels during preservation. Moreover, there was no significant di↵erence in the observed

medullary lactate profiles of SCS and HMP kidneys during passive warming, suggesting

that any protective e↵ects o↵ered by HMP may dominate in the cortex.
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4.8.1 Our results in the context of other microdialysis studies

of renal metabolism

In recent years there has been a growing interest in the use of microdialysis as a tool for

monitoring transplant organs during preservation, but studies are still limited (194, 195,

196, 197). Moreover, these studies were all conducted using conventional microdialysis,

in which samples were collected in vials and analysed at discrete intervals (every 20 min

- 2 hr), resulting in poor temporal resolution.

In the first renal study during ex vivo preservation, Baicu et al. used microdialysis

to determine the e�cacy of perfusate supplementation during HMP (194). The authors

quantified pyruvate levels in the renal e✏uent as well as in the interstitial fluid and

concluded that measuring changes in the interstitial fluid provides a better means of

assessing organ viability than in the e✏uent alone.

Keller et al. monitored dialysate cortical lactate levels during a fairly short CIT of

2 hours and observed a decrease in lactate (197). This decrease in lactate concentration

was expected, as microdialysis monitoring began prior to recovery; therefore, the decrease

represents the onset of cold storage causing local metabolism to slow. In the same study,

the authors used arterial clamping to induce postoperative ischaemia in a porcine model

of renal transplantation and observed a significant increase in both lactate and the lac-

tate/glucose ratio within 30 minutes of clamping. However, the time to detection was

limited by their sampling rate; it is possible that using a higher sampling rate metabolic

changes could have been detected even earlier. However, in their later study (195), Keller

et al. demonstrated increasing cortical lactate levels during 24 hours of SCS, in contrast

to our findings.

In a recent study by Fonouni et al., the e↵ect of di↵ering lengths of SCS was inves-

tigated during anastomosis and reperfusion in a porcine transplant model using micro-

dialysis (196). Interestingly, in kidneys that had been subjected to 24 hours of SCS, the

authors observed an immediate rise in lactate levels on reperfusion, which peaked and

then declined. These lactate profiles during WIT are very similar to those observed in

our study of SCS kidneys during warming; however, as a result of the superior temporal

resolution of our rsMD system, we were better able to resolve these changes, and to deter-

mine the duration and the concentration change of the warming peak. For kidneys that

were subjected to a shorter CIT of 6 hours, the authors observed a more gradual increase

in lactate during WIT, which resembles the lactate profiles we observed in HMP kidneys

during warming. These results suggest that the warming profile of HMP kidneys in our

study represents those of less ischaemically damaged kidneys (6 hrs CIT). However, Fo-

nouni et al. noted an eventual peak in lactate during reperfusion in the kidneys that had

been subjected to a shorter CIT, supporting the preliminary results shown in figure 4.28,
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which suggested that the size and the timing of the warming peak could provide some

indication of the health of the organ after SCS.

Several studies have used microdialysis to monitor in situ clamping of renal arter-

ies to instigate ischaemia (197, 222, 223). In all cases, cortical lactate levels increased

while glucose levels decreased, which is expected during an ischaemic event as anaerobic

metabolism dominates. In addition, microdialysis has been used in a study to detect

varying degrees of vascular thrombosis in a porcine transplant model (224). In this study,

the authors found no significant di↵erence in the lactate/pyruvate ratio between groups

with varying degrees of thrombosis; however, glucose levels varied significantly, with levels

highest in the control group.

4.8.2 Limitations and future work

In this study, online microdialysis has provided preliminary insights into the biochemical

processes occurring while a donor kidney is stored ex vivo, suggesting a possible expla-

nation for clinical di↵erences between the two preservation methods, as well as for the

observed protective role of HMP in donor kidneys (169, 225, 226).

However, in order to determine the potential of this technique in the assessment of

transplant organs prior to transplantation, it is necessary to correlate observed lactate pro-

files with some measure of functional outcome. This would ideally be carried out using

a transplant model or using an ex vivo isolated reperfusion model to simulate revascu-

larisation and reperfusion. Additionally, to test viability assessment, organs with varying

degrees of ischaemic injury should be investigated in order to compare the lactate profiles

of successful and unsuccessful transplants.

The ability to monitor the tissue metabolism of a donor organ in real time, prior to

transplantation, has the potential to provide important information regarding organ via-

bility. However, it is necessary to measure multiple biomarkers (such as glucose, pyruvate,

ATP and glycerol) in addition to lactate in order to gain a better understanding of the

complex processes occurring.

An inherent limitation to this study was that organ monitoring only commenced once

the organs were brought to the laboratory. As a result, no data were recorded for the

critical time that included animal death, organ recovery, organ flushing and initial CIT

during transportation. Information during this period could provide additional insights,

as it would provide a baseline level from which to compare any changes, as well as to

provide additional information on the processes occurring in the donor organ. With the

current system, monitoring of the donor organ was not possible outside the laboratory

because of the size of the analysis system; however, if this system could be miniaturised

then earlier monitoring would be possible. Alternatively, the dialysate sample could be
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collected into a length of storage tubing and ‘played back’ with temporal resolution at a

later time.

This study has demonstrated the feasibility of using rsMD to measure kidney cortical

and medullary metabolic profiles during preservation and subsequent warming. Further-

more, this technique has been used to identify di↵erences in the lactate profiles of kidneys

stored using two di↵erent clinical preservation methods. This analysis system could there-

fore be used as a tool for investigating other factors a↵ecting organ viability. The following

chapter will describe the use of this methodology in preliminary experiments to investigate

several factors that could potentially a↵ect organ outcome.
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Chapter 5

Transplant organ viability

assessment: Part II

The previous chapter demonstrated the feasibility of using rapid sampling microdialy-

sis (rsMD) to monitor transplant organs as a potential tool for viability assessment and

described a study comparing porcine kidneys stored using the two di↵erent clinical preser-

vation methods, hypothermic machine perfusion (HMP) and static cold storage (SCS).

The study prompted several questions and highlighted areas where the methodology could

be improved. This chapter will describe a series of preliminary experiments addressing

questions arising from the previous chapter, as well as developments to the analysis sys-

tem. In addition, it will show initial experiments extending the technology for use with

human organs and transplant pancreases.

5.1 Monitoring kidneys immediately after retrieval

In the previous chapter, monitoring of donor kidneys was only possible once the organ

had been transported to the laboratory, approximately 4-5 hours after organ retrieval.

This was identified as a weakness, as it was not possible to gather information about

metabolite levels during this critical time period.

In order to collect data for this initial phase immediately after organ removal, a

portable system was required to collect dialysate for delayed analysis, while still maintain-

ing temporal resolution. In a proof-of-concept study, the microdialysis probe was inserted

at the abattoir immediately after receipt of the organ (after 45 min warm ischaemia time

(WIT)) and dialysate was collected into a 5 m length of storage tubing, as described in

section 4.2.4. The microdialysis probe was perfused with T1 physiological solution at

2 µl/min, starting before probe insertion, using a portable microdialysis pump (CMA

107, MDialysis, Sweden). It was necessary to hold the probe in place, as demonstrated

in figure 4.13; however, the means of achieving this was not trivial, as the kidney was
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fully submerged in preservation solution and care had to be taken not to compress the

soft tubing of the microdialysis probe. After several attempts with various methods, the

probe was successfully held in place during transportation using a mesh sock. Figure 5.1

shows the setup for portable collection of cortical dialysate.

Portable MD

syringe pump

Storage tubing

MD probe

Figure 5.1: Experimental setup for portable collection of dialysate in storage tubing.

The microdialysis (MD) probe was perfused with T1 solution at 2 μl/min using a portable syringe

pump. The probe was held in place inside the kidney using a mesh sock. The dialysate was collected

into a 5 m length of storage tubing for delayed analysis.

The initial cortical lactate levels are shown in figure 5.2. The trace starts after 45

minutes WIT. Interestingly, cortical lactate levels were very low at this early stage, sug-

gesting that local glucose supplies had been exhausted. However, as only one kidney was

monitored using this methodology, it is not possible to draw any firm conclusions without

further investigation. The initial peak is probably due to tissue stabilisation following

probe insertion, which usually occurs after 10-15 minutes (99). The peak at 2.5 hours

is of unknown origin but coincides with arrival at the laboratory and therefore could be

movement related.
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Figure 5.2: Dialysate cortical lactate profile immediately after organ retrieval. A micro-

dialysis probe was inserted into the porcine kidney immediately after retrieval of the organ at the

abattoir (WIT 45 min). The probe was perfused with a portable microdialysis pump at 2 µl/min

and dialysate was collected into a length of storage tubing. The dialysate was analysed o✏ine at 4

µl/min using the rsMD system.

5.2 Varying cold ischaemia time

In the previous chapter, a one-o↵ experiment to investigate the e↵ect of di↵ering lengths

of cold ischaemia time (CIT) was described. Results showed a di↵erence in the cortical

lactate profiles following di↵erent lengths of CIT, possibly as a result of di↵ering renal

health. This section will describe further investigations into this e↵ect. For the current

study, pairs of kidneys were used to control for other factors that might impact kidney

health. For each pair, kidney A was perfused immediately after reaching the laboratory

(short CIT), whereas kidney B was stored on ice for a further 48 hours prior to monitoring

(long CIT). In a clinical situation, kidneys that had been subjected to 48 hours of CIT

would not normally be transplanted as extended CIT leads to poor outcome, therefore

these kidneys should represent unhealthy organs (160).

5.2.1 Experimental protocol

Two pairs of porcine kidneys were retrieved from the local abattoir, in this case with

a WIT of 45 minutes. The kidneys were flushed with Soltran (Baxter Healthcare, UK)

as there had been a recall of Viaspan University of Wisconsin (UW) solution (Bristol-

Myers Squibb Pharmaceuticals Ltd, Dublin, Ireland) because of contamination. After

retrieval and arrival at the laboratory, one of each pair of kidneys underwent 10 hours
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of hypothermic machine perfusion (HMP) on a Waters Medical Systems RM3 perfusion

machine, followed by 2 hours of warm reperfusion. The second of each pair of kidneys

was stored on ice for 48 hours prior to undergoing a further 10 hours of HMP, followed

by 2 hours of warm reperfusion. In both cases, HMP was carried out with in-house

UW solution (based on the Belzer-MPS variant) and reperfusion was carried out with

warm Krebs-Henseleit bu↵er (Sigma-Aldrich, UK), which was continuously pumped with

oxygen. Figure 5.3 describes the main steps of the experimental protocol. Microdialysis

probes were removed after HMP and replaced at the start of reperfusion, as the kidneys

had to be moved between the two phases to prepare the perfusion machines for reperfusion.

Organ dissection & !ushing

Transport to lab

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

10 hrs

On ice - 48 hrs

Reperfusion
2 hrs

Kidney B
CIT

(52 hrs)

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

10 hrs

Reperfusion
2 hrs

Kidney A Kidney B

Organ collection 
WIT 45 min

Kidney A
CIT

(~3.5-4 hrs)

Figure 5.3: Experimental protocol for varying the length of CIT. Two pairs of kidneys

were monitored using this protocol, one of each pair was subjected to 10 hours of HMP followed by

2 hours of warm reperfusion, while the second of each pair was subjected to 48 hours of storage on

ice, followed by 10 hours of HMP and 2 hours of reperfusion.

In this study, a microdialysis probe, perfused at 2 µl/min, was inserted into the cor-

tex of each kidney prior to commencing HMP. Dialysate was simultaneously analysed

online in real time for two kidneys using the rsMD system, as described in section 4.2.3.

Concentrations referred to throughout are dialysate concentrations, which depend on the

probe recovery, and not absolute tissue concentrations. A temperature probe (IT-14,

Physitemp) was inserted into each kidney and was connected to an in-house temperature

sensor, developed elsewhere in the group, which consisted of a T-type thermocouple con-
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trolled by a chip with ice-point compensation and which incorporated multiple channels

so that both kidneys could be simultaneously monitored.

5.2.2 Results

For both long and short CIT kidneys, HMP was conducted at temperatures as low as

possible and e↵orts were made to maintain a constant temperature throughout. The

mean temperature of the two short CIT kidneys, 1A and 2A, throughout HMP was 5.0

± 0.1�C (n=409) and 4.8 ± 1.0�C (n=408), respectively. For the two long CIT kidneys,

1B and 2B, the mean temperature throughout HMP was 4.4 ± 0.7�C (n=436) and 6.0 ±
1.0�C (n=436), respectively. After HMP, both sets of kidneys were subjected to continued

perfusion with a warm reperfusion solution at body temperature. The mean temperature

for the short CIT kidneys, 1A and 2A, during reperfusion was 37.8 ± 2.2�C (n=115)

and 38.2 ± 0.9�C (n=99), respectively. For the two long CIT kidneys, 1B and 2B, the

mean reperfusion temperature was 29.7 ± 3.9�C (n=128) and 33.6 ± 1.7�C (n=123),

respectively. This failure to achieve body temperature for the long CIT kidneys reflects

their poorer tissue perfusion.

For the short CIT group, the mean CIT prior to HMP was 3.5 ± 0.35 hours, whereas

for the long CIT group, the mean CIT prior to HMP was 52 hours. Figure 5.4 shows the

dialysate cortical lactate concentrations for both sets of kidneys.
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Figure 5.4: Dialysate cortical lactate profiles for kidneys undergoing HMP after varying

amounts of CIT. Two pairs of kidneys were retrieved, 1 of each pair was perfused immediately

after reaching the laboratory, while the other was stored on ice for an additional 48 hours before being

perfused for 10 hours. A. Shows the cortical lactate profiles of each kidney during 10 hours of HMP.

B. Shows the cortical lactate profile of each kidney during a further 2 hours of warm reperfusion. For

the kidneys subjected to longer CIT, perfusion was stopped for a period of about 10 minutes while

the machines were recalibrated during reperfusion, the start of which is marked with an asterisk.

Each line represents real-time data of an individual kidney with a point every minute, smoothed

with a Savitsky-Golay 21-point filter. The green and blue traces represent each pair of kidneys; the

darker of each corresponds to the shorter CIT kidney.

In all cases, lactate trends observed during HMP were in close agreement with those

previously observed, with lactate levels increasing as HMP progressed. However, after

about 2 hours of preservation, lactate levels in the long CIT kidneys began to gradually

decrease (5.4A light blue and light green traces), in contrast to the usual trend observed
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during HMP (5.4A dark blue and dark green traces). Moreover, for both pairs of kidneys,

higher cortical lactate levels were observed for the kidney that had been subjected to

shorter CIT prior to HMP. This suggests that higher lactate levels during HMP correspond

to healthier, more viable kidneys, as it demonstrates that these kidneys had resumed some

degree of normal physiological metabolism. Moreover, it supports the argument made

in chapter 4 that the higher cortical lactate levels observed in HMP preserved kidneys

correspond to healthier organs compared with SCS preserved kidneys.

In contrast to previous studies in which kidneys were passively warmed to ambient

temperature following HMP, in this case kidneys were continuously perfused at constant

body temperature with a reperfusion solution (Krebs-Henseleit bu↵er). Despite these

marked di↵erences, the trends in cortical lactate observed during this post-HMP period

show clear similarities to previous studies, with levels increasing almost linearly over the

2-hour period (5.4B). The absolute concentration of lactate was considerably higher for

the reperfused kidneys that had been subjected to shorter CIT (5.4B dark blue and green

traces) compared with those subjected to longer CIT (5.4B light blue and green traces).

The increased lactate levels observed during reperfusion for kidneys subjected to shorter

CIT, and therefore that were more healthy than those subjected to longer CIT, are most

likely the result of a higher level of anaerobic metabolism in these kidneys. A certain

degree of aerobic metabolism should have been resumed during the reperfusion phase, as

kidneys were supplied with nutrients and oxygen in the reperfusion medium. Therefore,

the increased lactate levels seen during reperfusion in all kidneys suggests that anaerobic

metabolism still dominated, possibly because there was insu�cient oxygen delivery to

meet the high energy requirements at the increased temperatures. The higher lactate

levels seen for kidneys subjected to shorter CIT seems counter-intuitive but, as only two

pairs of kidneys were monitored in this preliminary study, it is not possible to draw any

firm conclusions.

5.2.3 Discussion

Preliminary data comparing cortical lactate profiles in kidneys that had been subjected

to di↵erent lengths of CIT, and therefore that had incurred varying amounts of ischaemic

injury, show similar trends to those previously observed. Kidneys subjected to shorter

CIT displayed higher cortical lactate levels compared with those subjected to longer CIT,

suggesting that higher lactate levels during HMP correspond to healthier, more viable

tissue. These results di↵er from those observed by Fonouni et al., who observed higher

lactate levels after longer CIT; however, in contrast to our study, the authors measured

lactate levels during SCS (196). As shown in the previous chapter, cortical lactate profiles
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for kidneys preserved by HMP and SCS are significantly di↵erent, which may explain this

discrepancy.

5.3 Measuring multiple metabolites

On the basis of the results of analysing kidney e✏uent during preservation it was con-

cluded that it would be valuable to be able to measure glucose in addition to lactate in

the transplant organ. This would facilitate a better understanding of the physiological

processes occurring and would enable calculation of the lactate/glucose ratio, which re-

moves artefacts caused by probe recovery (92). With the current system it is not possible

to simultaneously monitor two metabolites in two organs. However, when carrying out

delayed analysis of dialysate samples collected in storage tubing, the rsMD system can be

reconfigured (for details see section 2.3.1.1) so that glucose and lactate can be measured

in each sample.

In the proof-of-concept study described in section 5.1, glucose was measured in the

collected dialysate in addition to lactate. Figure 5.5 shows the cortical levels of both

metabolites during this time period.

As described earlier, dialysate lactate levels were very low during this time period.

In addition, glucose levels were very low, but fairly stable after the initial stabilisation

period. The lactate/glucose ratio decreased over the initial 2 hours, possibly because of a

reduction in anaerobic activity caused by hypothermic conditions. However, towards the

end of monitoring, the lactate/glucose ratio increased, because of an increase in dialysate

lactate levels while glucose levels remained stable. The ratio of the two metabolites

provides a clear indicator of tissue health, uncomplicated by probe artefacts.
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Figure 5.5: Dialysate cortical lactate and glucose profile immediately after organ re-

trieval. A microdialysis probe was inserted into kidney 1A immediately after retrieval of the organ

at the abattoir. The probe was perfused with a portable microdialysis pump at 2 µl/min and the

dialysate was collected into a length of storage tubing. The dialysate was analysed o✏ine at 4

µl/min using the rsMD system for glucose (red) and lactate (green). The top trace (black) shows

the corresponding lactate/glucose ratio.

Glucose biosensors

Using the current rsMD system, it is only possible to measure glucose in addition to

lactate in two organs during delayed analysis. Therefore, a new system was required that

enabled the simultaneous online measurement of multiple analytes in two organs. As a

first step towards this, a preliminary experiment was carried out on one pair of kidneys

to investigate possible di↵erences in glucose levels in addition to lactate levels during

various lengths of CIT (lactate levels shown earlier in figure 5.4). This also served as a

proof-of-concept study in the design of a portable analysis system for transplant organs.

Lactate levels were analysed using rsMD as described in section 5.2.1. Glucose levels were

measured using a poly(phenol) glucose biosensor, as described in section 2.5.3.1, housed

in a PDMS microfluidic chip. The experimental setup is shown in figure 5.6.
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Figure 5.6: Experimental setup for glucose biosensor in microfluidic chip. The glucose

biosensor was positioned in a PDMS chip, placed inside a Faraday cage. The glucose biosensor

measured the concentration of glucose in the dialysate stream as it flowed past.

For each kidney, a second microdialysis probe was inserted into the cortex and was

perfused with T1 solution at 2 μl/min. The outlet of the probe was extended using 1 m of

low-volume fluorinated ethylene propylene (FEP) tubing (0.12 mm ID, Royem Scientific,

UK) in order to reach the microfluidic chip. The glucose biosensor was held at 0.75 V

using in-house potentiostats and measured the concentration of glucose in the dialysate

stream as it flowed past. Differences in delay were accounted for during analysis so that

the results could be time-aligned with the lactate results obtained using rsMD.

Figure 5.7 shows the cortical lactate and glucose levels during HMP for kidney 1A,

which was perfused immediately after reaching the laboratory, and for 1B, which was

subjected to 48 hours CIT prior to HMP.

As a result of technical issues during monitoring, glucose data was only obtained for

the second half of HMP. Preliminary data show that, in addition to dialysate lactate levels

being higher during HMP, glucose levels were also higher for the kidney subjected to a

shorter CIT compared with its pair. This result suggests that the shorter CIT kidney,

which would have incurred less ischaemic injury than the kidney stored on ice for 48 hours,

maintained more of its capacity for gluconeogenesis than its pair. These results are in

agreement with the study conducted by Fonouni et al., in which kidneys that had been

stored on ice for 6 hours showed higher glucose levels at the end of cold storage than those

that had been stored on ice for 24 hours (196). However, further experiments would need

to be conducted to validate these results. The combination of glucose biosensors with

rsMD enabled simultaneous monitoring of glucose and lactate in each kidney, providing

more information on the health of the organ.
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Figure 5.7: Dialysate cortical metabolite levels for kidneys undergoing HMP after vary-

ing CIT length. Two pairs of kidneys were retrieved and 1 of each pair was perfused immediately

after reaching the laboratory (A), while the other was stored on ice for 48 hours (B), after which

time both were subjected to 10 hours of HMP. Lactate (green) results were recorded by rsMD and

glucose (red) results were measured using a poly(phenol) glucose biosensor in a PDMS microfluidic

chip. The darker of each colour corresponds to the shorter CIT.

5.4 Online analysis of discarded human kidneys

We were given the opportunity to monitor discarded human kidneys, which had been

donated to scientific research, when they were made available to the clinical team.

5.4.1 Case study 1

One kidney was donated from a female donor, aged between 65-70 years old. The organ

was not suitable for transplantation as the donor had hydronephrosis, a condition in which

the kidney becomes swollen, because of a build up of urine. The donor organ was subjected

to 20 minutes of warm ischaemia, after which it was flushed with preservation solution

and stored on ice before monitoring began. CIT prior to monitoring was approximately

16.5 hours.

The discarded kidney underwent 5 hours of HMP with in-house UW solution (Belzer-

MPS variant), followed by 2 hours of warm reperfusion with oxygenated Krebs-Henseleit

bu↵er. Two microdialysis probes, perfused with T1 at 2 µl/min, were inserted into the

kidney, one superficially into the cortex and the other into the medullary region. In this

case, as only one kidney was retrieved, the online rsMD system was reconfigured so that

both glucose and lactate could be measured in the cortex in real time, as described in

section 2.3.1.1. The dialysate from the medullary probe was collected into storage tubing
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(8 m), as described in section 4.2.4, for delayed analysis of both glucose and lactate at 2

µl/min, using the same rsMD system used for the online measurements. A temperature

probe (Thermalert TH-5, Physitemp) was also inserted into the kidney to simultaneously

monitor tissue temperature during each stage.

Cortical levels

Figure 5.8 shows cortical glucose and lactate levels during 5 hours of HMP. The trend

in lactate levels shows close agreement with that observed during porcine kidney HMP,

suggesting that porcine kidneys are a good model for human kidneys. Cortical lactate

levels steadily increased during HMP, while glucose levels initially increased and then

seemed to stabilise after 1 hour of perfusion. Figure 5.8 also shows the lactate/glucose

ratio, which increased throughout HMP.
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Figure 5.8: Dialysate cortical metabolite levels in a human kidney during HMP. The

green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentra-

tions and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real

time using rsMD, with a point every minute for each metabolite.

The cortical glucose and lactate levels, as well as the lactate/glucose ratio during the

reperfusion phase, are shown in figure 5.9. During reperfusion, glucose levels decreased

steeply, while lactate levels continued to increase. This classic signature of ischaemia

suggests that, despite the provision of nutrients and oxygen during reperfusion, anaerobic

metabolism still dominated. There is a large peak in glucose levels, midway through

reperfusion but this is completely removed when considering the lactate/glucose ratio at

this point. This demonstrates that the change is an artefact, probably caused by a change

in microdialysis probe recovery, and exemplifies the importance of monitoring multiple

metabolites in order to provide more reliable data. However, this is not usually possible as

in most cases it is necessary to simultaneously monitor two kidneys, and therefore, using
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the rsMD system, only one metabolite can be monitored. This is clearly a limitation of

rsMD.

Figure 5.9: Dialysate cortical metabolite levels in a human kidney during reperfusion.

The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concen-

trations and the black trace shows the corresponding lactate/glucose ratio during warm reperfusion.

Data were obtained in real time using rsMD, with a point every minute for each metabolite.

Medullary levels

Medullary metabolite levels during HMP and subsequent reperfusion are shown in fig-

ure 5.10.
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Figure 5.10: Dialysate medullary metabolite levels in a human kidney during HMP and

reperfusion. Dialysate was collected into storage tubing at 2 µl/min and analysed o✏ine using the

rsMD system at 2 µl/min. A. Medullary dialysate glucose concentration during HMP is shown.

Dialysate medullary lactate levels were too low too detect. B. Levels during warm reperfusion are

shown. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Dialysate was

collected into storage tubing and analysed at a later time using the rsMD system.

During HMP (figure 5.10A), medullary glucose levels were considerably lower than in

the cortex (figure 5.8). As discussed in section 4.1.6, this was expected because of the

capacity of the cortex to generate glucose. However, medullary lactate levels were too

low to reliably detect. As both glucose and lactate were measured and glucose could be

detected we know that the probe was functioning properly. The low medullary lactate

levels were an unexpected result, as in the previous studies with porcine kidneys medullary
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lactate levels were found to be significantly higher than cortical lactate levels at all time

points throughout preservation and subsequent warming. This possibly signifies that the

organ was not functioning normally, leading to a breakdown of the renal lactate-glucose

recycling system and, hence, to an insu�cient supply of glucose for anaerobic glycolysis

to occur in the medulla. During reperfusion (figure 5.10B), there was an initial increase

in medullary glucose levels, after which a similar trend was observed to that seen in the

cortex (figure 5.9), with glucose levels steadily decreasing while lactate levels increased.

The magnitude of the changes occurring in the medulla was less than in the cortex,

suggesting that this region was less a↵ected by the ischaemic insult.

5.4.2 Case study 2

A pair of kidneys were retrieved from a 59-year old male donor. One organ was not

suitable for transplantation because of glomerulosclerosis and microthrombosis (B), while

the other was suitable for transplantation but no suitable recipient could be found in time

(A). Both organs were flushed with preservation solution and stored on ice for 78 hours

prior to monitoring.

This experiment was carried out in collaboration with Mr. Karim Hamaoui, who was

investigating the e↵ect of treating donor kidneys with a novel synthetic protein (PTL004),

which is thought to prevent thrombosis upon reperfusion. As part of the study, kid-

neys were monitored during haemoperfusion after treatment with the protein to evaluate

whether there were any di↵erences in the lactate profiles of kidneys that had been treated

with the novel protein compared with non-treated controls. As it was possible, in chapter

4, to distinguish di↵erences between kidneys stored by di↵erent preservation techniques

using rsMD, this analysis system could prove a useful tool for evaluating novel interven-

tions that could improve organ viability.

In a pilot study of a pancreatic thrombosis model by the group developing the synthetic

protein, treatment was found to improve perfusion dynamics compared with non-treated

controls (data not published). PTL004 is a fusion protein, consisting of an anticoagu-

lant head and an endothelial-binding myristoyl tail. The tail was designed to facilitate

binding and tethering of the protein to the endothelial cell membranes. Proteins with

similar tethering tails have been shown to localise to capillary endothelial cell membranes

in animal kidney models (227). The anticoagulant head of the protein is derived from the

direct binding thrombin inhibitor hirudin, which has been found to inhibit thrombosis

(227). The group developing the proteins hypothesises that targeting anti-coagulation

to the vessel wall will exert a local rather than a systemic e↵ect, which could be more

e↵ective in preventing thrombosis.
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Experimental protocol

The experimental protocol was designed by the clinical team and is shown in figure 5.11.

Organ procurement, 
dissection & !ushing

Transport to lab

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

4 hrs

~4-5 hours

Hypothermic machine
perfusion (new UW)

0.5 hrs

Hyporthermic machine
perfusion - protein treatment

0.5 hrs

Hypothermic machine
perfusion - new UW (control)
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Hypothermic machine
perfusion - protein treatment
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perfusion (new UW)
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Haemoperfusion (warm)
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connection to rsMD

Haemoperfusion (warm)
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Probe insertion & 
connection to rsMD

MD probes removed
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Figure 5.11: Experimental protocol for investigating the e↵ect of protein treatment.

Pairs of kidneys were monitored using this protocol, one of each pair was treated with the novel

protein (PTL004), while the other acted as its control. (i) Both kidneys were subjected to HMP for

4 hours to condition the organ, (ii) both kidneys were subjected to a further 0.5 hours of HMP with

fresh UW solution, (iii) kidney A was subjected to 0.5 hours of HMP with UW containing PTL004,

while kidney B was subjected to 0.5 hours of HMP with fresh UW, (iv) both kidneys were subjected

to 0.5 hours of HMP with fresh UW solution to completely wash out the proteins, (v) and finally

both kidneys were perfused with blood at body temperature for 6 hours.

For the haemoperfusion phase, the kidneys were perfused with pig blood from the

local abattoir as human blood was not available. For this case, two microdialysis probes,

perfused with T1 at 2 µl/min, were inserted into each kidney, one superficially into the

cortex and the other into the medullary region, prior to commencing HMP. After the

initial 4 hours of HMP, probes were removed and re-inserted for the haemoperfusion

phase. Cortical dialysate was simultaneously analysed online in real time for the two

kidneys using the rsMD system, as described in section 4.2.3. The dialysate from the
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medullary probe was collected into storage tubing (5 m for HMP phase and 7 m for

haemoperfusion phase), as described in section 4.2.4, and frozen at -80◦C until it could be

analysed. As medullary samples were analysed at a later time the rsMD analysis system

was reconfigured and the samples were run through the analysis system separately so that

each sample could be analysed for glucose as well as for lactate levels. The stored samples

were run through the rsMD analysis system at 2 μl/min using the same rsMD system

described in section 2.3.1.1. A temperature probe (IT-14, Physitemp) was also inserted

into each kidney and the temperature of both kidneys was measured simultaneously using

our in-house temperature sensor (briefly described in section 5.2.1) to monitor the tissue

temperature at the same time. Figure 5.12 shows the experimental setup.

A B

MD probes

Temperature 

probe

RsMD system

Figure 5.12: Experimental setup for perfusion of human kidney. A. The discarded human

kidney was placed on a perfusion machine and pumped with cold preservation solution in a pulsatile

manner. A temperature probe and two microdialysis (MD) probes were inserted into the kidney. B.

After cold perfusion, the kidney was perfused at body temperature with porcine blood. The dialysate

outflow from the cortical probe flowed into the rsMD analysis system for online measurement of

glucose and lactate in real time.

Cortex

Figure 5.13 shows cortical glucose and lactate levels during the HMP and haemoperfusion

phases. As a result of technical issues lactate levels were only recorded for kidney B during

the initial part of HMP and for kidney A during the last part of HMP. However, lactate

levels were recorded in both kidneys during haemoperfusion.
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Figure 5.13: Dialysate cortical lactate profiles during haemoperfusion in human kidneys

with and without protein pretreatment. Both kidneys were subjected to 4 hours of HMP, after

which kidney A (dark green) was treated with protective proteins and kidney B (light green) acted

as the control. Following protein treatment, both kidneys were perfused at body temperature. Each

line represents real-time data of an individual kidney with a point every minute, smoothed with a

Savitsky-Golay 21-point filter.

The trend in cortical lactate levels shows close agreement with that observed during

porcine kidney HMP; however, despite the prolonged CIT for these kidneys, lactate levels

during HMP were relatively high. During haemoperfusion, cortical lactate levels steadily

increased and the non-treated kidney showed considerably higher cortical lactate levels

during the haemoperfusion phase than its treated pair. However, in this case, the con-

trol kidney was rejected from transplantation due to microthrombosis and therefore it is

not possible to say whether the di↵erence in the lactate profiles of the two kidneys was

because of treatment with the novel protein. Despite this, these results do suggest that

the higher lactate levels observed during haemoperfusion do correspond to a less healthy

donor organ.

Medulla

The medullary levels of lactate and glucose in the two kidneys during HMP and haemop-

erfusion are shown in figure 5.14.
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Figure 5.14: Dialysate medullary lactate profiles during haemoperfusion in human kid-

neys with and without protein pretreatment. Both kidneys were subjected to 4 hours of HMP,

after which kidney A (dark green) was treated with protective proteins and kidney B (light green)

acted as the control. Following protein treatment, both kidneys were perfused at body temperature.

Dialysate was collected into storage tubing at 2 µl/min and analysed o✏ine using the rsMD system

also at 2 µl/min. The green traces show dialysate lactate concentrations and the red traces show

dialysate glucose concentrations, the darker corresponding to kidney A, which was treated with pro-

teins, and the lighter corresponding to kidney B, which acted as the control. The black (kidney A)

and blue (kidney B) traces show the corresponding lactate/glucose ratio.

During HMP, medullary lactate levels for the two kidneys were similar, but kidney

A had considerably higher medullary glucose levels than kidney B. Both kidneys showed

a similar trend, with lactate levels gradually increasing during HMP and glucose levels

gradually decreasing, presumably as a result of local glycolysis.

During haemoperfusion, medullary lactate levels displayed a similar trend to that

observed in the cortex, with levels steeply increasing initially, before beginning to plateau.
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However, the e↵ect of treatment on each pair was opposite in the medulla and the cortex,

with medullary levels higher for the treated kidney than for the non-treated kidney. We

would expect to see higher lactate levels in the medulla compared with the cortex, as

the medulla is the primary site of glycolysis in the kidney. Therefore, the higher lactate

levels observed in the treated kidney suggest that for this kidney the medulla is more

glycolytically active. Medullary glucose levels were also higher for the treated kidney.

This could simply be explained by the fact that even during HMP (before treatment)

medullary glucose levels were higher for the treated kidney, possibly because this kidney

was less damaged than its pair. Nonetheless, the medullary glucose levels decreased more

steeply for the treated kidney compared with the non-treated kidney, which is consistent

with the recovery of glycolytic enzymes improving the glucose consumption rate.

The medullary lactate/glucose ratio for the two kidneys is also shown in figure 5.14

during HMP and haemoperfusion. The lactate/glucose ratio is highest for kidney B during

HMP, suggesting that this kidney was less healthy at the o↵set. During haemoperfusion,

the lactate/glucose ratio increased steeply for both kidneys, with the increase in the

treated kidney slightly delayed compared with the control.

5.5 Treatment with protective proteins

To further investigate the e↵ect of protective proteins, the experiment described in sec-

tion 5.4.2 was repeated with porcine kidneys. This also ensured that both kidneys would

be of comparable health prior to treatment to enable a more reliable comparison.

In this study, two pairs of porcine kidneys were monitored. Each pair was subjected

to the protocol described in figure 5.11, where A was treated with the novel protein and

B acted as its control. A microdialysis probe, perfused at 2 µl/min, was inserted into the

cortex of each kidney prior to commencing HMP. After the initial 4 hours of HMP, probes

were removed and re-inserted for the haemoperfusion phase. Dialysate was analysed

online in real time simultaneously for two kidneys using the rsMD system, as described

in section 4.2.3. A temperature probe (IT-14 or Thermalert TH-5, Physitemp) was also

inserted into one of the kidneys to simultaneously monitor the tissue temperature.

5.5.1 Results

As a result of technical issues, lactate concentrations in kidneys 1PA and B were not

monitored during the initial HMP phase. However, kidneys 2PA and B showed comparable

lactate concentrations during the HMP stage (data not shown). Figure 5.15 shows the

dialysate cortical lactate levels for the two pairs of kidneys during haemoperfusion. In
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the case of kidney 2PB, the plateau in lactate levels was because of assay gain saturation

at higher lactate levels.
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Figure 5.15: Dialysate cortical lactate profiles of kidneys undergoing haemoperfusion

with and without protein pretreatment. Two pairs of kidneys were retrieved, one of each pair

was treated with a novel synthetic protein (PTL004), while the other acted as the control. Each

line represents real-time data of an individual kidney with a point every minute, smoothed with a

Savitsky-Golay 21-point filter. The pink and blue traces represent each pair of kidneys, the lighter

of each corresponding to the kidney treated with the novel protein.

In all four porcine kidneys, lactate concentrations during haemoperfusion were con-

siderably higher than levels seen during passive warming or even during warm perfusion

with a synthetic reperfusion solution, indicating that haemoperfusion enables a greater

degree of metabolic activity to be resumed. For both pairs of kidneys, the kidney that

had been pretreated with the novel protein (PTL004) displayed considerably lower cortical

lactate levels during haemoperfusion than its non-treated control, which is in agreement

with results from human kidneys monitored using the same protocol. The lactate levels

initially increased before stabilising after about 3 hours. Haemoperfusion should enable

resumption of a degree of aerobic metabolism, as the blood should allow for delivery of

su�cient oxygen and glucose to the tissue. Therefore, the higher levels of cortical lactate

observed in the non-treated control kidneys suggests that these kidneys were less healthy

than their treated pairs, as anaerobic metabolism still dominated, possibly as a result of

thrombosis upon reperfusion impairing the delivery of nutrients to the organ. However,
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it is not possible to draw any firm conclusions on the basis of these results, as further

experiments would need to be conducted to confirm these preliminary findings.

5.5.2 Discussion

Vascular thrombosis is a major complication that can lead to graft loss after renal trans-

plantation. Despite surgical and clinical advancements, the incidence of vascular throm-

bosis still remains fairly high (228). It is vital that diagnosis and intervention is early to

improve graft quality and early graft survival rate (229, 230). When vascular thrombo-

sis is suspected, the diagnosis is confirmed clinically by Doppler flow examination (231).

However, there is a delay in the time between graft injury and detection of pathological

changes using this technique (224). Therefore, there is a need for more sensitive and con-

tinuous monitoring techniques that can enable early detection and possible intervention

(223). Moreover, interventions that could potentially prevent vascular thrombosis upon

reperfusion would be invaluable.

Microdialysis has been used after human liver transplantation to detect complications

as a result of thrombosis (201) and has also been used in several porcine transplantation

models to detect ischaemia caused by arterial and venous occlusions (222, 223, 232), as well

as in conditions in which the graft is prone to vascular thrombosis after transplantation

(224). Furthermore, our previous studies have shown that rsMD is particularly sensitive

to metabolic di↵erences between preserved kidneys. Therefore, rsMD was used to monitor

kidneys that had been treated with a novel synthetic protein, thought to protect the organ

from thrombosis upon reperfusion, to evaluate the e↵ectiveness of the proteins.

Our results suggest that treatment with the novel protein (PTL004) provides some

protection from vascular thrombosis upon reperfusion, as the lower lactate levels seen in

these kidneys is indicative of less ischaemia. In addition, the higher medullary glucose

seen in the treated human kidney is consistent with the study of Fonouni et al., in which

glucose levels were lower for more congested kidneys. These results are only preliminary

and further experiments need to be conducted before any firm conclusions can be made.

However, perfusion dynamics showed higher perfusion flow indices and higher renal blood

flow in the treated kidneys compared with the controls, indicating that the treated kidneys

were healthier than the controls.

5.6 Online analysis of transplant pancreases

A proof-of-concept study was carried out to investigate whether this technology could

also be applied to monitor donor pancreases. In this study, preliminary experiments were
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conducted with porcine pancreases to evaluate the e↵ect of a 5-hour ‘reconditioning’ phase

during preservation, as well as the e↵ect of di↵erent lengths of CIT.

5.6.1 Introduction

The pancreas is a key organ, involved in both the endocrine and the digestive systems.

In its role in the digestive system, the pancreas secretes pancreatic juice, which contains

digestive enzymes (including proteases, amylase and lipase), which are responsible for

aiding digestion of food and absorption of nutrients in the intestines. The pancreas

also contains approximately 1 million cell clusters called islets of Langerhans, which are

responsible for performing the endocrine functions of the pancreas. The islets secrete

hormones, including insulin, glucagon and somatostatin, which regulate metabolism in

the body.

There are currently three methods of solid organ pancreas transplantation. The most

common method is simultaneous pancreas-kidney (SPK) transplantation, in which the

pancreas is transplanted at the same time as a kidney. Another method is pancreas-after-

kidney (PAK) transplantation, in which a pancreas is transplanted to a patient who has

previously undergone a kidney transplantation. Pancreas transplantations carried out

either at the same time as or after a kidney transplantation are performed on patients

with end-stage renal disease, secondary to type 1 or type 2 diabetes (233, 234). The

least common method is pancreas transplant alone (PTA), in which just the pancreas

is transplanted, in most cases to a diabetic patient with normal renal function. This

is normally only performed in patients with life-threatening hypoglycaemic unawareness

(233), although it has been suggested as a possible treatment option for patients who

have had a total pancreatectomy following a benign tumour or chronic pancreatitis (235).

In addition, for patients with severe hypoglycaemia, isolated islet transplantations can be

carried out.

Over the last decade, there has been a significant increase in the number of patients

on the active waiting list for PTA, SPK and islet transplants, with numbers increasing

from 132 in 2005 to 270 in 2014 (143). Of these 270 patients on the active waiting list last

year, 201 were awaiting an SPK procedure, 26 a PTA procedure and 33 a pancreatic islet

transplantation. The median waiting time for an adult patient is 392 days and between

2010-2011 34% of patients received a transplant within 1 year of registering on the national

waiting list. Pancreas transplants are considerably less common than kidney transplants;

between 2013-2014, a total of 246 deceased donor pancreas transplants were carried out,

76% of which were SPK transplants, 11% were pancreas-only transplants (PTA or PAK)

and 13% were islet transplants (143). For patients with type 1 diabetes, evidence sug-

gests that the SPK procedure prolongs patient survival rates beyond that of a kidney-only
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transplantation (236); the 5- and 10-year patient survival rates for SPK transplantations

are 87% and 70%, respectively (237). Furthermore, pancreas transplantation can signif-

icantly improve the quality of life for patients with type 1 diabetes (238), particularly

compared with kidney transplantation alone, for patients with diabetic end-stage renal

disease (239, 240).

As with kidney transplantation, there is an emerging need to expand the donor pool to

meet the demands for pancreas transplants. As a result, expanded criteria donor (ECD)

organs such as those from donation-after-circulatory-death (DCD) donors are being in-

creasingly used. These organs have usually been subjected to a greater degree of ischaemic

insult prior to recovery. Of the 246 pancreas transplants carried out last year, 203 were

from donation-after-brain-death (DBD) donors and represented 26% of pancreases that

were o↵ered for donation from this donor group and 43 were from DCD donors and repre-

sented 8% of the organs o↵ered for donation from this group of donors; this is because of

concerns regarding the suitability of the donor or the organ itself. In 2013-2014, the me-

dian CIT for pancreas transplants from DBD donors was 10.6 hours (interquartile range

9.0-12.8 hours) and for DCD donors was 10.2 hours (interquartile range 8.6-11.6 hours)

(143).

The most common method of preservation for donor pancreases is SCS; however, an

optimal preservation solution to counteract the detrimental e↵ects of cold ischaemic injury

has yet to be determined (241). Some studies have shown that pancreas preservation by

HMP can extend the storage time to 24 hours (242, 243). However, lower perfusion

pressures than those normally used for kidney perfusion were used in these cases in order

to avoid endothelial cell damage. Preservation by HMP has been shown to cause oedema,

which Taylor et al. found to be beneficial for islet isolation, significantly improving the

yield (145, 242). However, oedema is likely to be detrimental for whole-organ transplants

(241).

With the increasing use of pancreases from DCD organs, there is a clear need for a

method of assessing organ viability before transplantation (241), as well as for monitor-

ing the graft following transplantation in order to target interventions where necessary

(233). A study by Kitano et al. showed the feasibility of using microdialysis to monitor

local pharmacokinetics or biomarkers in the pancreas (244). Furthermore, Blind et al.

demonstrated that microdialysis could be used in vivo to detect ischaemic events in the

pancreas, even when no systemic markers of ischaemia were observed (245).

Our aim was to extend the system developed for monitoring transplant kidneys, in

order to determine whether this technology would be feasible for monitoring transplant

pancreases as well.
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5.6.2 Methodology for pancreas studies

After retrieval and arrival at the laboratory, pancreases underwent either 24 hours (n=4)

or 48 hours (n=1) of SCS. Following SCS, four pancreases were subjected to an additional

5 hours of HMP on a Waters Medical Systems RM3 perfusion machine at 30-50 mmHg,

perfused with in-house Belzer-UW solution, with added mannitol (60.4 mM) to reduce

oedema, in an attempt to ‘recondition’ the tissue. After cold preservation, all 5 pancreases

were perfused with oxygenated blood at body temperature for 2 hours. All e↵orts were

made to keep conditions constant prior to preservation. Figure 5.16 describes the main

steps of the experimental protocol.

Organ dissection & !ushing

Transport to lab

~2-3 hours

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

5 hrs

Organ collection 
WIT 15-30 min

Probe insertion & 
connection to rsMD

Hypothermic machine
perfusion

5 hrs

Haemoperfusion
2 hrs

On ice 

 48 hrs 24 hrs

Probe insertion & 
connection to rsMD

Haemoperfusion
2 hrs

Haemoperfusion
2 hrs

i ii iii

(Pancreases 3&4)

(Pancreases 1&2) (Pancreas 5)

Figure 5.16: Experimental protocol for transplant pancreases. Pancreases were stored on

ice for 24 hours and (i) monitored during 2 hours of haemoperfusion, (ii) monitored during 5 hours

of HMP and 2 hours of subsequent haemoperfusion or (iii) stored on ice for 48 hours and monitored

during 5 hours of HMP and 2 hours of subsequent haemoperfusion.

During haemoperfusion, any pancreatic juice that was produced was drained from

the organ through a foley catheter. After about 30 minutes of haemoperfusion, glucose

was added into the blood so that the total concentration was 22 mM to stimulate the
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pancreas and to test how well it was functioning. Blood measurements were also taken

using a commercial hospital analyser to check the concentration of glucose in the blood.

A MAB 11.35.4 microdialysis probe (Royem Scientific, UK) with a 4 mm membrane

and a 6 kDa molecular weight cut-off, perfused at 2 μl/min with T1 solution, was inserted

into the pancreas using a 21 G tunnelling cannula inserted in the opposite direction

to the probe. A microdialysis probe was carefully placed inside the needle and then

the needle was removed, leaving the probe in place. The tubing was secured to the

side of the container using tape. Probes were temporarily removed between HMP and

haemoperfusion phases as the perfusion machines had to be prepared for the next stage.

Figure 5.17 shows the microdialysis probe positioned inside a porcine pancreas and the

experimental setup.

A B

MD probe

Temperature 

probe RsMD system

Syringe 

pumps

Figure 5.17: Experimental setup for perfusion of porcine pancreas. A. The porcine pan-

creas was placed on a perfusion machine and pumped with cold preservation solution in a pulsatile

manner. A temperature probe and a microdialysis (MD) probe were inserted into the pancreas. B.

The microdialysis probe was perfused at 2 μl/min using a syringe pump and the dialysate outflow

flowed into the rsMD system for real-time analysis.

For pancreases 1-4, dialysate was analysed online in real time simultaneously for two

organs using the rsMD system, as described in section 2.3.1.2. For pancreas 5, the system

was rewired, as described in section 2.3.1.1, so that glucose and lactate could be simul-

taneously measured. Concentrations referred to throughout are dialysate concentrations,

which depend on the probe recovery, and not absolute tissue concentrations. A tempera-

ture probe (IT-14, Physitemp) was inserted into each pancreas and was connected to our

in-house temperature sensor (described briefly in section 5.2.1).

5.6.3 Porcine pancreases

Two studies were conducted, the first to investigate the effect of adding a 5-hour ‘recon-

ditioning’ phase of cold HMP after storage on ice and the second to investigate the effect

of the length of CIT. Table 5.1 summarises the WIT and CIT for each pancreas.
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Table 5.1: Porcine pancreas WIT and CIT.

Pancreas WIT (min) CIT (min)

1 15 27.0

2 15 27.0

3 30 26.5

4 30 26.0

5 30 49.5

Results for the 5 pancreases studied using rsMD are shown in figure 5.18. Dialysate

lactate levels were successfully detected for all five pancreases. Levels observed were

broadly similar and provide a predictive range of dialysate levels for isolated pancreases.
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Figure 5.18: Dialysate metabolite levels for porcine pancreases. A. Dialysate lactate con-

centrations for two pancreases during 5 hours of HMP, following 24 hours of SCS, are shown. B.

Dialysate lactate levels for pancreases during haemoperfusion after either 24 hours of SCS and 5

hours of HMP (blue) or after 24 hours of SCS (green) are shown. The asterisk indicates the point at

which glucose was added into the blood to stimulate the pancreas. C. Dialysate glucose (red) and

lactate (green) levels for a pancreas during HMP following 48 hours of SCS compared with lactate

levels of a pancreas during HMP following 24 hours of SCS (blue) are shown. Data were obtained in

real time using rsMD, with a dialysate measurement every 30 s.

E↵ect of adding a 5-hour ‘reconditioning’ phase before haemoperfusion

Figure 5.18A shows the dialyse lactate concentration of pancreases 1 and 2 during the

‘reconditioning’ HMP phase. Temperatures were comparable for pancreases 1 and 2 during

HMP; the average temperature for pancreas 1 was 7.2 ± 1.2 �C (n=103) and for pancreas
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2 was 8.0 ± 0.9 �C (n=105).

Upon haemoperfusion, all four pancreases displayed signs of oedema and did not per-

fuse well. Moreover, none of the organs produced bile or pancreatic juice nor was there

any swelling of the small bowel. These observations indicated that the pancreases were

not functioning as they should be, possibly as a result of the long CIT. Average temper-

atures for the four organs were slightly more variable during haemoperfusion, because of

the poor perfusion (29.1 ± 3.4�C, n=4).

Result observations:

• During HMP (figure 5.18A), stable lactate levels were obtained, which were broadly

similar to those observed in kidneys during cold preservation.

• The two pancreases showed opposite trends in the first 1-2 hours of HMP; however,

after 2 hours the lactate levels in both remained stable.

• For pancreases 2, 3 and 4, the lactate concentration increased upon haemoperfusion

(figure 5.18B). Lactate levels were initially considerably higher for pancreas 1.

• When glucose was added to the blood (30 minutes into haemoperfusion, indicated

by an asterisk in figure 5.18B), dialysate lactate levels increased before decreasing

slightly and stabilising after 1 hour. However, in pancreas 1, no change was observed

upon addition of glucose, possibly suggesting that this pancreas was less healthy

than the other three.

• After addition of glucose, a sample of perfusate was taken and analysed using a blood

analyser. For pancreas 3, the glucose level was 33.6 mM, which is considerably higher

than it should have been. This was attributed to oedema reducing the total volume

of blood in the circuit and hence increasing the concentration. This di↵erence may

explain the higher levels of lactate observed for this pancreas.

E↵ect of the length of CIT

Figure 5.18C shows the glucose and lactate levels for a pancreas undergoing 5 hours of

HMP following 48 hours of storage on ice, compared with the lactate levels for pancreas

2, which was stored on ice for 24 hours. In this case the pancreas perfused very poorly;

in fact, hardly any perfusate was flowing out of the vein because of worsening oedema

and swelling. Extra UW had to be added to the circuit after 1 hour of perfusion in order

to maintain su�cient levels of perfusate. Finally, the experiment was terminated early

because of the poor condition of the organ. As a result of the poor perfusion, the average

temperature during HMP was higher at 9.9 ± 1.1�C.
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Result observations:

• During HMP, the trend in lactate levels was similar for the two pancreases, with

levels decreasing over the first 1-2 hours and then stabilising. However, initially, con-

siderably lower lactate levels were observed in the pancreas that had been subjected

to a longer CIT.

• Overall, glucose levels were seen to increase during HMP. Interestingly, as the organ

was ischaemic, we would expect to see a decrease in glucose levels, which has been

shown in other studies (245). The increasing glucose levels and the relatively stable

lactate level suggests that metabolic activity had ceased as a result of the poor

health of the organ.

From these results it is not possible to draw any firm conclusions regarding the benefit

of adding a ‘reconditioning’ HMP phase to the preservation protocol or regarding the e↵ect

of the length of CIT on the pancreas; further experiments would need to be conducted to

ascertain this.

5.6.4 Online analysis of human pancreases

On two occasions discarded human pancreases were made available to the clinical team

and we were given the opportunity to use our analysis system to monitor them during

preservation and reperfusion. The same protocol was used to insert the microdialysis

probes as described previously for the porcine pancreases. A temperature probe (IT-14,

Physitemp) was also inserted into each pancreas during each stage. Figure 5.19 shows a

human pancreas with a microdialysis probe and a temperature probe inserted.

Each pancreas was stored on ice before being subjected to 5 hours of HMP with

in-house Belzer-UW solution, followed by 2 hours of reperfusion with warm oxygenated

Krebs-Henseleit bu↵er (Sigma-Aldrich, UK). As with the porcine pancreases, the micro-

dialysis probes were removed between the HMP and the reperfusion stages.
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MD probe

Temperature 

probe

Figure 5.19: Experimental setup for perfusion of a discarded human pancreas. The

discarded human pancreas was placed on a perfusion machine and pumped with cold preservation

solution in a pulsatile manner. A temperature probe and a microdialysis probe (MD) were inserted

into the pancreas. The microdialysis probe was perfused at 2 μl/min and the dialysate was analysed

in real time using the rsMD system.

Case study 1

In this case no information was available about the donor. The organ was offered for

transplantation and was matched with a recipient, but the recipient was not fit for surgery

and by that time the CIT was too long to match the organ to another recipient. The

pancreas was stored on ice for 57 hours before HMP commenced. Figure 5.20 shows the

glucose and lactate dialysate levels during HMP and subsequent reperfusion.
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HMP Reperfusion

Figure 5.20: Dialysate metabolite levels in human pancreas 1 during HMP and reper-

fusion. The red trace shows dialysate glucose levels, the green trace shows dialysate lactate levels

and the black trace shows the lactate/glucose ratio during HMP and subsequent warm reperfusion

with oxygenated Krebs-Henseleit bu↵er. Data were obtained in real time using rsMD, with a point

every minute for each metabolite. The dotted line indicates the point at which additional glucose

was added into the reperfusion solution, making the final concentration 22 mM.

During HMP, both glucose and lactate levels in the dialysate remained very low, al-

though they did slightly increase. Dialysate glucose levels were higher during reperfusion,

probably as a result of the fact that the Krebs-Henseleit bu↵er contains glucose whereas

the Belzer-UW does not. Dialysate lactate levels were also higher and increased during

reperfusion, presumably because of increased glycolysis as a result of warmer tempera-

tures and the supply of glucose. The dotted line indicates the point at which additional

glucose was added into the reperfusion solution in order to stimulate the pancreas. This

corresponded to a sharp increase in dialysate glucose levels and a continued increase in

dialysate lactate levels. The lactate/glucose ratio remained fairly stable during HMP and

dropped during reperfusion as a result of the increased glucose supply. In contrast to

the porcine pancreases, this pancreas produced a considerable amount of pancreatic juice

during the reperfusion phase.

Case study 2

This pancreas was donated by a 62-year old man. The organ tested positive for Epstein-

Barr virus and was atherosclerotic. The organ was o↵ered for transplantation but was

refused on the basis of the donor age and the presence of atherosclerotic plaques. The
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pancreas was stored on ice for 25 hours before HMP commenced. In this case, only lactate

was measured as a porcine pancreas was simultaneously monitored. Lactate levels during

HMP were too low to detect but figure 5.21 shows the dialysate lactate levels during

subsequent reperfusion. The asterisk indicates the point at which additional glucose was

added into the reperfusion medium to make the final concentration 22 mM.

In this case, the pancreas perfused poorly and no outflow was observed from the vein

during reperfusion because of increasing oedema. However, the organ produced a con-

siderable amount of pancreatic juice and the duodenum visibly swelled because of this

production. The reperfusion was terminated early as a result of the poor perfusion char-

acteristics. During reperfusion, lactate levels increased; however, levels were considerably

lower than normally observed in tissue during the reperfusion phase.
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Figure 5.21: Dialysate lactate levels in human pancreas 2 during reperfusion. The

pancreas was perfused with oxygenated Krebs-Henseleit bu↵er at body temperature. Data were

obtained in real time using rsMD, with a point every minute. The asterisk indicates the point at

which additional glucose was added into the reperfusion solution, making the final concentration 22

mM.

5.6.5 Discussion

These preliminary results suggest that rsMD could have potential for monitoring other

transplant organs such as pancreases. As a result of the long CIT used in all cases all

organs displayed poor perfusion parameters and therefore represented unhealthy organs.

It would be interesting to carry out similar experiments with healthy pancreases in order

to make comparisons.
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5.7 Miniaturised analysis system

In a clinical situation the analysis system would need to be portable so that it could

travel with the transplant organ. Therefore, a proof-of-concept study was carried out

using the analysis system described in section 3.5.5 to simultaneously monitor a human

and a porcine pancreas (the board was designed for use with a pair of kidneys but, as

kidneys were not available at this point, it was tested with pancreases instead). The

system enables measurement of both glucose and lactate in two dialysate streams. It also

incorporates an autocalibration function for long periods of monitoring. In this case, the

board was used during a 2-hour reperfusion phase, in which the porcine pancreas was

perfused with oxygenated blood at room temperature, while the human pancreas was

perfused with oxygenated Krebs-Henseleit buffer at body temperature. Figure 5.22 shows

the experimental setup.

Dialysate A

Dialysate B

Lactate
analysis

Glucose
analysisCalibration 

pumps

Figure 5.22: Experimental setup for glucose and lactate measurement in two dialysate

streams. Two 125 μm platinum disc electrodes coated with poly(phenol), held at 0.75 V, were

housed in separate PDMS chips. For lactate analysis, lactate oxidase (LOx) was dosed in to the

dialysate stream, and for glucose analysis, glucose oxidase (GOx) was added in. The enzyme reacted

with the substrate in solution and the reaction product, hydrogen peroxide, was detected at the

electrode by oxidation, as it flowed past. The analysis system measured glucose in one dialysate

stream and lactate in the other, and switched at regular intervals between the two.

Although the system can be set up to switch automatically between the two dialysate

streams, it was used here in an early stage of development and therefore switching was

carried out manually. An excerpt of raw data is shown in figure 5.23 and the analysed

189



5. TRANSPLANT ORGAN VIABILITY ASSESSMENT: PART II

data for the two pancreases is shown in figure 5.24. An average for each data section has

been calculated to enable easier identification of trends. The averaged data is shown in

figure 5.25.

5 min

Pig Human Pig Human Pig

Human Human HumanPigPig

GLUCOSE:

LACTATE:

Figure 5.23: Raw data showing glucose and lactate levels alternating between two

dialysates. The red trace shows the glucose current and the green trace shows the lactate current.

Labels above indicate which dialysate stream these levels correspond to.

The dotted lines in figures 5.24 and 5.25 indicate the point at which glucose was added

into the perfusion medium to make the total concentration 22 mM. This corresponded to

a clear increase in glucose and lactate levels in the porcine pancreas (5.24A and 5.25A).

The trend for the human pancreas (5.24B and 5.25B) was less clear, but glucose levels

did increase following this. In addition, perfusion of the human pancreas was terminated

early because of the poor perfusion characteristics and increasing oedema. This can

clearly be seen in the results, as both glucose and lactate levels dropped to zero. RsMD

was also carried out on these pancreases to detect dialysate lactate levels. However,

separate microdialysis probes were used for each analysis system and, as the pancreases

were poorly perfused, the respective levels cannot be compared in this case.
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AA

B

Figure 5.24: Dialysate metabolite levels for porcine and human pancreases. Red traces

correspond to glucose levels and green to lactate levels in A. porcine and B. human pancreases

during reperfusion at body temperature with oxygenated Krebs-Henseleit bu↵er and oxygenated

blood, respectively. The dotted line indicates when glucose was added into the perfusion medium,

making the total concentration 22 mM.
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AA

B

Figure 5.25: Average dialysate metabolite levels for porcine and human pancreases.

Average dialysate glucose and lactate levels were recorded using the miniaturised system. Red traces

correspond to glucose levels and green to lactate levels in A. porcine and B. human pancreases during

reperfusion at body temperature with oxygenated Krebs-Henseleit bu↵er and oxygenated blood,

respectively. The dotted line indicates when glucose was added into the perfusion medium, making

the total concentration 22 mM. Markers are mean ± standard deviation for each section of data.

The results show that it was possible to measure glucose and lactate in the two

dialysate streams simultaneously, and clear di↵erences between them could be detected.

Each section had good temporal resolution; however, as switching was fairly infrequent,

analysis was not continuous. Further development of the system enabled automatic

switching to be carried out at 2 minute intervals (as described in section 3.5.5). This

improvement would provide results close to those obtained using rsMD, which was found

to be su�cient for the fairly slow changes occurring during preservation. Automatic

switching would also enable analysis to be carried out using purpose-written algorithms

in Matlab, providing data averages for a given time window. Future experiments are re-

quired to validate results obtained using the miniaturised system against those obtained
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using the rsMD system.

5.8 Conclusion

In summary, this chapter brings together a collection of proof-of-concept experiments with

human and porcine kidneys and pancreases. We have shown that:

• RsMD has been used to monitor kidneys subjected to di↵ering lengths of CIT. Pre-

liminary results show that higher lactate levels during HMP correspond to healthier,

more viable tissue.

• RsMD has been applied to evaluate whether a novel protein, which prevents throm-

bosis upon reperfusion of the kidney, can provide the organ with protection during

preservation. Initial results suggest that treatment with the novel protein has a

protective e↵ect on the kidney, as results from organs that were treated with the

protein were indicative of less ischaemia than for the controls.

• The analysis methodology has been extended to facilitate monitoring immediately

after organ retrieval at the abattoir by collecting dialysate into lengths of storage

tubing for delayed analysis.

• Glucose has been shown to provide valuable information in addition to lactate re-

garding the metabolic state of the organ. Glucose levels have been measured in

addition to lactate in dialysate that was collected in storage tubing and analysed at

a later time.

• Glucose biosensors in microfluidic chips were used to measure glucose in real time,

in addition to lactate, in a separate dialysate stream.

• A miniaturised system that can simultaneously measure glucose and lactate in two

dialysate streams has been tested as a proof of concept.

• Use of these analysis techniques has been extended for discarded human kidneys, as

well as for both porcine and discarded human pancreases.

Further work on a fully automated miniaturised analysis system is required to facilitate

measurement of multiple metabolites in dialysate streams in transit.
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Chapter 6

Online monitoring during free flap

surgery

This chapter will describe the use of rapid sampling microdialysis for online monitoring

during free flap surgery as a potential tool for early detection of flap failure. This work

was carried out as part of a Boutelle lab team, in collaboration with Prof. Peter Brennan

in the Department of Oral and Maxillofacial Surgery at Queen Alexandra Hospital in

Portsmouth.

6.1 Introduction

Free flap surgery involves transplantation of healthy tissue, with or without bone, together

with its blood supply from one site of the body to another. During the procedure, the

blood vessels are first clamped, then cut at the donor site and microsurgery is used to

reconnect the blood supply at the recipient site by rejoining blood vessels (anastomosis).

The procedure is performed to reconstruct or to close large defects in the recipient site, for

example, for breast reconstruction or for head and neck reconstruction following tumour

removal.

Success rates of free flap surgery are reported to be greater than 95% (246, 247).

However, successful reconstruction is dependent on continuous blood flow to the tissue

through the arterial anastomosis and on outflow through the venous anastomosis. As the

tissue is disconnected from the blood flow at the donor site, an initial period of ischaemia

is inevitable. Once the blood supply is re-established at the recipient site, reperfusion of

the flap occurs. However, complications such as thrombosis, resulting in occlusion of the

artery and/or vein, can lead to a secondary phase of flap ischaemia (248, 249, 250, 251).

The second ischaemic insult is not as well tolerated by the flap as the first and can

eventually lead to flap failure (252).
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Of the flaps that fail, 82.3% show signs of vascular compromise within the first 24

hours after surgery and 95.6% show signs within the first 72 hours (253). Therefore, the

first 72 hours represent a critical time period in which close observation is necessary in

order to improve salvage outcomes. Early detection of flap compromise is essential for

successful flap salvage (254).

Free flaps are currently monitored using clinical assessment, including flap colour,

texture, temperature, capillary refill time and turgor, as well as pricking the flap with

a needle to assess bleeding (255). However, these techniques are not suitable for buried

flaps, as they cannot be easily accessed. As a result, the rate of failure for buried flaps

is significantly greater than for non-buried flaps (256). In recent years, other techniques,

including invasive and non-invasive Doppler monitoring as well as microdialysis, have

gained interest as tools to assess the flap health (257, 258, 259, 260).

Conventional microdialysis has been used as a tool to detect flap failure both dur-

ing surgery and post-operatively and has been suggested to be particularly valuable for

monitoring intraoral (261, 262) and buried flaps (263, 264), which are inaccessible to con-

ventional assessment techniques (260). Microdialysis was able to detect flap ischaemia

earlier than clinical assessment (261), allowing for earlier surgical intervention. In all cases,

interstitial glucose and lactate were found to be sensitive markers of tissue ischaemia, with

glucose levels decreasing and lactate levels increasing during an ischaemic event. Rojd-

mark et al. found that glucose, lactate and glycerol levels were slower to return to baseline

levels after repeated ischaemic episodes than after just one episode (265). All studies to

date have been conducted using conventional microdialysis, in which discrete samples are

taken and typically analysed at hourly intervals. As early detection of flap ischaemia is

crucial, this monitoring technique could be even more useful if the delay could be still

further reduced (264).

6.2 Methodology

6.2.1 Surgical procedure and microdialysis probe insertion

Patient consent was obtained prior to surgery and all procedures were approved by the

local ethics committee. Two surgical teams operated on the patient simultaneously: one

team removed the tumour from the recipient site, while another team raised the flap at

the donor site. Prior to flap detachment at the recipient site, a sterile microdialysis probe

(CMA 70 MDialysis, Sweden, 10 mm membrane length, 20 kDa molecular weight cut-o↵)

was inserted subcutaneously using a tunnelling needle and was sutured in place around

the hard plastic cover (cut to length for each flap, leaving the membrane exposed). A

photograph showing a microdialysis probe inserted into a flap is given in figure 6.1.
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MD probe Radial artery

Cephalic vein

Figure 6.1: Microdialysis probe inserted into a radial forearm flap. The microdialysis

(MD) probe was inserted subcutaneously and sutured in place prior to flap detachment from the

blood supply.

The probe was perfused with sterile T1 solution (MDialysis, Sweden) at 2 μl/min

using a portable pump (CMA 107, MDialysis, Sweden) prior to insertion and the inlet

was extended using a luer-lock extension set (150 cm, 0.4 ml internal volume, Alaris

Medical Systems, UK) so that the pump could be placed away from the sterile area.

Levels of glucose and lactate were measured until stable baseline values were obtained,

prior to flap detachment. Typically, the vasodilator papaverine was applied to blood

vessels topically to maximise internal blood volume, after which the blood vessels were

clamped and cut, creating the free flap. The microdialysis probe remained inserted and in

most cases remained connected to the online analysis system as the flap was moved from

the donor site to the recipient site. Surgery to reconstruct the recipient site was carried

out as well as anastomosis of the artery. Once arterial blood flow was confirmed, the

artery was clamped again and the venous anastomosis was performed. After the blood

vessels were reconnected at the recipient site, all clamps were removed. The patient

was transferred to the intensive therapy unit (ITU) once surgery was complete, where

monitoring continued overnight for a further 12-16 hours before the microdialysis probe

was removed.

6.2.2 Online analysis system

The probe outlet was extended using 1 m of low-volume fluorinated ethylene propylene

(FEP) tubing (Royem Scientific, UK) to reach the clinical trolley. In order to do this,

the vial holder was removed from the probe outlet, leaving about 1 cm of tubing on the

end, which was connected to the FEP tubing using a tubing adaptor. The other end of

the vial holder was trimmed so that just the needle was left, which was connected to the
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probe outlet tubing. The FEP extension tubing was initially primed with T1 solution so

that it was possible to check that the solution was flowing out through the probe as soon

as it was connected. Once this was confirmed, the end of the FEP tubing was connected

to the analysis system, which was housed on a clinical trolley, as shown in figure 6.2.

A B

MD probe

MD probe

RsMD system

PowerLab

HPLC pump

RsMD system

Figure 6.2: Clinical trolley for online monitoring. A. Photograph showing the microdialysis

(MD) probe inserted into the flap prior to detachment, connected to the rapid sampling microdialysis

(rsMD) trolley. B. The probe remained in place after surgery was complete so that monitoring could

continue overnight in the ITU.

The outlet tubing of the probe was connected to the rapid sampling microdialysis

(rsMD) analysis system described in section 2.3.1.1. Every 30 seconds, a dialysate sample

was injected alternately through either a glucose or a lactate assay, giving a measurement

every minute for each metabolite. As a result of the long extension tubing used, the delay

from the microdialysis probe to the rsMD system was about 15 minutes. Events were

recorded in real time as they were communicated by the surgeons; as a result, timings are

approximate.

6.2.3 Delayed analysis using storage tubing

Data from each surgery are of high value, therefore it was necessary to have a method of

obtaining data even when online analysis was not possible. To achieve this, the method of

collecting dialysate in a length of storage tubing for delayed analysis was used as a back-

up for circumstances when online analysis was not possible. As described in section 4.2.4,

the dialysate was collected into lengths of Portex tubing (0.4 mm ID, Smiths Medical,

UK), retaining temporal resolution for analysis at a later time. Using a flow rate of 2

μl/min, 63 minutes of dialysate could be collected per 1 m of tubing.

Figure 6.3 shows raw data from a case in which this back-up collection method was

used because technical issues with the analysis system meant that online analysis was

not possible. After the surgery, the storage tubing was stored at 4◦C until analysis was
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possible. During the collection time the probe fell out of the tissue (timing indicated by

the dotted line). The decreasing glucose and lactate peaks shown in figure 6.3 correspond

to this event, showing that temporal resolution was retained using this method of dialysate

collection and delayed analysis.
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Figure 6.3: Raw data from dialysate collected into storage tubing during surgery. The

dialysate was collected into a length of storage tubing and analysed using rsMD at a later time. The

red peaks correspond to glucose levels and the green peaks to lactate levels. The probe fell out of the

tissue during collection, corresponding to the decrease in both glucose and lactate dialysate levels

(indicated by the dotted line).

6.2.4 Data and statistical analysis

The recorded current peaks were analysed in Matlab (R2011b, MathWorks, US). The

peaks were despiked using purpose-written algorithms (104) and converted into concen-

trations on the basis of calibrations carried out at regular intervals throughout monitoring.

The results were adjusted to correct for the transit time between the microdialysis probe

and the analysis system. The Mann-Whitney U test (two-tail) was used to test for signif-

icance between metabolite levels at key time points. Significance was taken to be p<0.05.
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6.2.5 Sterility considerations

A major challenge in carrying out online analysis during surgery was the issue of sterility.

In the operating theatre, a sterile zone exists directly around the patient. The microdial-

ysis probe and perfusion solution are both sterile, but the microdialysis pump and the

connection tubing are not. In order to overcome this problem, a sterile camera drape (a

long polyethylene tube) was used, as shown in figure 6.4. This allowed non-sterile equip-

ment such as the microdialysis pump and connection tubing to be placed inside the tube.

As the outside of the drape was sterile, it could be placed close to the patient without

the risk of contamination. However, this made it very difficult to make any adjustments

to the probe connections or to the pump once they had been placed inside the drape, as

it was not possible to touch the outside without compromising the sterile barrier.

To rsMD

Camera drape

MD probe 

in flap

Figure 6.4: Photograph of non-sterile equipment inside camera drape. The microdialysis

(MD) pump and connection tubing were placed inside the camera drape. The outside of the camera

drape was sterile so that it could be placed in the sterile area during surgery.

6.3 Results

Overall, the cohort consisted of 15 cases. Unfortunately, technical issues with the analysis

system meant that online data could not be collected for 3 of these cases. Dialysate

was collected in storage tubing for 1 case but shortly afterwards the probe fell out so

monitoring was stopped. In addition, it was not possible to collect data for 5 of the cases

as a result of the probe being positioned incorrectly, being damaged during insertion or

because of difficulties in reliably attaching the probe to small flaps, causing it to fall

out. Monitoring of 7 cases was successfully carried out. Data will be presented for these

patients, showing dialysate metabolite levels during surgery and in the ITU.
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6.3.1 Case study 1

Figure 6.5 shows dialysate metabolite levels during surgery for a 39-year old man under-

going a procedure using a radial forearm flap to rebuild part of the tongue, which was

removed because of a carcinoma.

Figure 6.5: Dialysate metabolite levels during free flap surgery for patient 1. The green

trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentrations

and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real time

using rsMD, with a point every minute for each metabolite, and were smoothed with a Savitsky-

Golay 7-point filter. Time 0 represents the probe insertion point and dotted lines indicate key events

during the surgery as relayed by the surgical team.

Dialysate baseline levels of glucose and lactate were 1.25 ± 0.04 (n=10) and 0.58 ±
0.01 (n=10), respectively. Before detaching the flap, the surgeons topically applied a va-

sodilator, papaverine, to the tissue. This caused an increase in both dialysate glucose and

lactate levels, presumably because of an increase in local blood flow. As both metabolites
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changed in the same direction, this increase can be attributed to a transient change in

probe recovery (92). To guard against such artefacts, the ratio of the two metabolites was

also calculated. Application of papaverine caused no change in the lactate/glucose ratio,

indicating that this increase was due to a change in probe recovery e�ciency. Following

detachment of the flap, dialysate glucose levels decreased while lactate levels increased,

indicating that the tissue was ischaemic. This was also reflected in the lactate/glucose

ratio, which increased steeply when the blood supply to the flap was disconnected.

Dialysate glucose levels rapidly increased upon successful anastomosis, with levels

rising to 1.77 ± 0.11 (n=10) within 11 minutes. Lactate levels were slower to change and

remained stable for 7 minutes before gradually decreasing to 0.88 ± 0.06 mM (n=10), a

level slightly higher than baseline. Following arterial anastomosis, checks were performed

to ensure that blood was flowing into the tissue, after which the vessels were clamped

again and the venous anastomosis was carried out. It may be the lack of local blood flow

that caused the slow change in lactate levels following the arterial anastomosis, as the

lactate was not e�ciently cleared. The lactate/glucose ratio fell rapidly following arterial

anastomosis, indicating that the ischaemia was alleviated. However, shortly afterwards,

signs of ischaemia were observed, with dialysate glucose levels decreasing and lactate

levels increasing. Although, the magnitude of the change was smaller than with the initial

ischaemic episode. These changes coincided with an increase in the lactate/glucose ratio,

which fell rapidly once the venous anastomosis had been performed because of a rapid rise

in glucose and a delayed fall in dialysate lactate levels. A large and rapid increase in both

glucose and lactate levels was observed upon anastomosis of the second vein. However,

no changes were observed in the lactate/glucose ratio, suggesting that this was a probe

recovery e↵ect rather than a metabolic change. In this case, the lactate/glucose ratio was

a clear marker of local tissue ischaemia and proved more reliable than considering either

metabolite alone.

Following surgery, the patient was transferred to the ITU overnight. Metabolite levels

were monitored for 14 hours in the ITU and the results are shown in figure 6.6.
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Figure 6.6: Dialysate metabolite levels in the ITU after free flap surgery for patient

1. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were obtained

in real time using rsMD, with a point every minute for each metabolite, and were smoothed with a

Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point before surgery.

Over the 14 hours that the flap was monitored in the ITU, glucose levels steadily

increased to 2.17 ± 0.09 mM (n=10), while lactate levels steadily decreased to 1.24 ± 0.05

mM (n=10). These levels were still di↵erent to baseline levels (approximately double);

however, this may reflect di↵erences in local blood supply at the recipient site compared

with at the donor site. However, the lactate/glucose ratio steadily decreased over the

period of monitoring in the ITU, returning to baseline levels. Clinical parameters indicated

that the flap reconstruction was successful.

6.3.2 Case study 2

Figure 6.7 shows dialysate metabolite levels during surgery for a male undergoing a pro-

cedure in which tissue from the fibia was used to reconstruct part of the jawbone.
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Figure 6.7: Dialysate metabolite levels during free flap surgery for patient 2. The green

trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentrations

and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real time

using rsMD, with a point every minute for each metabolite, and were smoothed with a Savitsky-

Golay 7-point filter. Time 0 represents the probe insertion point and dotted lines indicate key events

during the surgery as relayed by the surgical team.

Prior to flap detachment, baseline glucose and lactate levels were 0.72 ± 0.04 mM

(n=10) and 0.52 ± 0.02 mM (n=10), respectively. As with the previous case, topical

application of papaverine caused a local increase in both glucose and lactate levels, but

no change in the ratio of the two metabolites was observed, indicating that this was a probe

recovery e↵ect. Upon detachment of the flap from the blood supply at the donor site,

dialysate glucose levels rapidly decreased, followed by a delayed and more gradual increase

in dialysate lactate levels, as seen with the previous case. These changes coincided with a

dramatic increase in the lactate/glucose ratio. Upon successful arterial anastomosis, the

lactate/glucose ratio rapidly decreased, although it did not return to baseline levels at this

point. Dialysate glucose levels increased and lactate levels began to decrease following
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arterial anastomosis. After anastomosis of the vein, the local levels of both glucose and

lactate dramatically increased. These changes were not observed in the lactate/glucose

ratio, suggesting that this was an artefact rather than a real change.

Following surgery, the patient was transferred to the ITU where monitoring contin-

ued. Unfortunately, because of a technical problem with the analysis system, data were

only recorded for the first 3 hours of monitoring in the ITU. Figure 6.8 shows dialysate

metabolite levels in the ITU after surgery.

Figure 6.8: Dialysate metabolite levels in the ITU after free flap surgery for patient

2. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were obtained

in real time using rsMD, with a point every minute for each metabolite, and were smoothed with

a Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point before surgery. Data

recorded correspond to 6:30pm-10:00pm.

Both glucose and lactate levels were considerably lower in the ITU than at the end

of surgery; however, the lactate/glucose ratio was dramatically higher. One hour into

monitoring in the ITU, large and rapid increases in lactate followed by glucose were

observed, resulting in a dramatic increase in the lactate/glucose ratio. It is not clear

what these changes correspond to but the metabolite levels and their ratio returned to the

levels they had been at the start of monitoring in the ITU. The elevated lactate/glucose
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ratio suggests that there may have been a problem with this flap but it is di�cult to

say as levels were not monitored for long enough after surgery. Clinical observations the

following morning suggested that the flap reconstruction had been successful.

6.3.3 Case study 3

Figure 6.9 shows dialysate metabolite levels during surgery and in the ITU for a female

undergoing a procedure to transfer a radial flap from the left forearm to the neck.

Dialysate baseline levels of glucose and lactate prior to detachment of the flap were

0.86 ± 0.02 mM (n=10) and 0.31 ± 0.05 (n=10), respectively. As previously described,

topical application of papaverine resulted in a local increase in both glucose and lactate

dialysate levels, but no change was observed in the lactate/glucose ratio, indicating that

this was a probe recovery artefact. Following detachment of the flap, the characteristic

signature of decreasing glucose levels and increasing lactate levels was observed at the

same time as an increasing lactate/glucose ratio. Upon anastomosis of the artery, a rapid

transient decrease in the lactate/glucose ratio was observed. However, shortly after, the

ratio began to increase again because of a local decrease in glucose and an increase in

lactate levels, indicating a second ischaemic event. Upon successful venous anastomosis,

the levels of both glucose and lactate increased, as observed with the previous cases;

however, no overall change in the lactate/glucose ratio was observed at this stage.

After surgery the patient was transferred to the ITU overnight, where monitoring

continued. However, because of technical issues with the analysis system, data were only

recorded for the first hour in the ITU. Dramatic changes in both glucose and lactate were

observed in the ITU; however, although the lactate/glucose ratio continued to increase

overall, its value was small (about 1.5-2.0 c.f. figure 6.8 where the ratio was about

30). Unfortunately, as data were not recorded for the remaining time in the ITU, it was

not possible to observe whether metabolite levels returned to normal. However, clinical

observations the following morning indicated that the surgery had been a success.
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Surgery ITU

Figure 6.9: Dialysate metabolite levels during free flap surgery and in the ITU for

patient 3. The green trace shows dialysate lactate concentrations, the red trace shows dialysate

glucose concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were

obtained in real time using rsMD, with a point every minute for each metabolite, and were smoothed

with a Savitsky-Golay 7-point filter. The blue box represents a block of time over which the venous

anastomosis was being carried out. Time 0 represents the probe insertion point and dotted lines

indicate key events during the surgery as relayed by the surgical team.

6.3.4 Case study 4

Figure 6.10 shows dialysate metabolite levels during surgery and in the ITU for a male

undergoing a radial free flap procedure to rebuild part of the tongue.
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Surgery ITU

? ?

Figure 6.10: Dialysate metabolite levels during free flap surgery and in the ITU for

patient 4. The green trace shows dialysate lactate concentrations, the red trace shows dialysate

glucose concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were

obtained in real time using rsMD, with a point every minute for each metabolite, and were smoothed

with a Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point and dotted lines

indicate key events during the surgery as relayed by the surgical team. ‘?’ indicates uncertainty in

LabChart comments.

Baseline dialysate levels of glucose and lactate before the tissue was detached from the

donor site were 0.30 ± 0.04 mM (n=10) and 0.57 ± 0.01 mM (n=10), respectively, which

is a low concentration of glucose compared with other cases. As observed with previous

cases, upon detachment of the flap from its blood supply, glucose levels steeply decreased,

whereas lactate levels increased more gradually. These changes coincided with a rapid

increase in the lactate/glucose ratio. In this case, the local glucose levels decreased to

extremely low levels (0.02± 0.003 mM, n=10), resulting in a lactate/glucose ratio that was

considerably higher than that observed in previous cases. For this procedure, the surgeons

did not communicate when the individual arterial and venous anastomoses took place.
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However, after the blood supply had been fully connected at the recipient site, the typical

anastomosis signature changes were not observed in the metabolite levels, with glucose

levels remaining very low at 0.03 ± 0.01 mM (n=10) and the lactate levels remaining high

at 1.98 ± 0.09 mM (n=10). Moreover, although the lactate/glucose ratio did decrease,

the levels remained elevated at 59.5 ± 9.7 (n=10) and began to increase again. Upon

further investigation by the surgical team, the veins were found to be congested. Blood

clots were removed and the blood vessels were reconnected at the recipient site. After

successful anastomosis, the dialysate glucose level rose rapidly to 0.32 ± 0.03 mM, while

the dialysate lactate level rose slightly before gradually decreasing. The dialysate lactate

concentration at the end of surgery was 2.10 ± 0.1 mM.

Following surgery, the patient was transferred to the ITU where monitoring continued

overnight. Unfortunately, because of technical issues with the analysis system overnight,

only 2 hours of data were recorded in the ITU. Both glucose and lactate levels increased

and remained high in the ITU, but no change was observed in the lactate/glucose ratio.

These changes can therefore be attributed to a probe recovery artefact. On the basis of

clinical inspection of the flap the following morning, the surgeons concluded that the flap

reconstruction had been a success.

Figure 6.11 shows the metabolite levels at key time points to emphasise the changes.
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Figure 6.11: Histograms showing dialysate metabolite levels at key time points. Dialysate

glucose levels are shown in red, dialysate lactate levels in green and the lactate/glucose ratio in black

at (i) baseline, (ii) after flap detachment, (iii) after first (unsuccessful) anastomosis attempt, (iv)

after second (successful) anastomosis attempt and (v) after 2 hours in the ITU. A Mann-Whitney U

test was used to assess changes compared with baseline at each stage (n=10). NS=not significant,

**** p<0.0001.

These histograms clearly show that, after the first anastomosis attempt (iii) the tissue
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was still ischaemic, as glucose levels remained significantly lower than baseline and the

lactate/glucose ratio remained significantly higher. However, upon successful anastomosis

(iv) the glucose levels returned to baseline levels and the lactate/glucose level dramatically

decreased, although it was still higher than baseline. The local lactate concentration

increased throughout the monitoring time, further emphasising the value of considering

the ratio of the two metabolites as opposed to either metabolite alone.

6.3.5 Case study 5

Figure 6.12 shows dialysate metabolite levels during surgery for a male undergoing a

procedure using a radial free flap to rebuild part of the tongue.

Prior to flap detachment, baseline dialysate glucose and lactate levels were 1.12 ± 0.07

mM (n=10) and 0.51 ± 0.05 mM (n=10), respectively. As previously described, topical

application of the vasodilator, papaverine, caused an increase in dialysate lactate and

glucose levels but no change in the lactate/glucose ratio. Upon detachment of the flap

from the blood supply at the donor site, glucose levels fell to 0.92 ± 0.09 mM (n=10),

followed by a delayed increase in dialysate lactate levels to 2.93 ± 0.05 mM (n=10).

These changes were accompanied by a steep increase in the lactate/glucose ratio. As

the venous anastomosis was carried out soon after the arterial anastomosis, the second

ischaemic event was not clear in this case. However, as the surgeons were finishing up

they accidentally cut the artery, causing it to leak, as indicated in figure 6.12. The timing

of this event is approximate but it coincided with another increase in the lactate/glucose

ratio, presumably because the blood flow to the flap had been compromised, causing it

to become ischaemic.
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Figure 6.12: Dialysate metabolite levels during free flap surgery for patient 5. The green

trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentrations

and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real time

using rsMD, with a point every minute for each metabolite, and were smoothed with a Savitsky-

Golay 7-point filter. Time 0 represents the probe insertion point and dotted lines indicate key events

during the surgery as relayed by the surgical team.

Following surgery, the patient was moved to the ITU where monitoring continued for

a further 16 hours. Figure 6.13 shows dialysate metabolite levels overnight in the ITU

following the surgery.
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Figure 6.13: Dialysate metabolite levels in the ITU after free flap surgery for patient

5. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were obtained

in real time using rsMD, with a point every minute for each metabolite, and were smoothed with a

Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point during surgery.

Dialysate glucose levels steadily increased over the monitoring period in the ITU, with

levels at 1.5 ± 0.12 mM (n=10) after 16 hours in the ITU. However, dialysate lactate

levels steadily decreased overnight in the ITU, with levels at 1.40 ± 0.06 (n=10) after 16

hours of monitoring. The lactate/glucose ratio also steadily decreased, indicating that the

health of the tissue was improving. The surgeons concluded that the flap reconstruction

had been successful after clinical examination of the tissue the following morning.

6.3.6 Case study 6

Figure 6.14 shows dialysate metabolite levels during surgery for a 47-year old man under-

going a procedure in which tissue and bone from the fibia were used to reconstruct the

jaw.
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Figure 6.14: Dialysate metabolite levels during free flap surgery for patient 6. The green

trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentrations

and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real time

using rsMD, with a point every minute for each metabolite, and were smoothed with a Savitsky-

Golay 7-point filter. Time 0 represents the probe insertion point and dotted lines indicate key events

during the surgery as relayed by the surgical team.

Baseline levels of glucose and lactate were 1.49 ± 0.37 mM (n=10) and 5.14 ± 1.00

mM, respectively; this is an unusually high concentration for lactate. As with the pre-

vious cases, detachment of the flap from the donor site resulted in a decrease in glucose

concentration and an increase in the lactate/glucose ratio. Even after arterial and venous

anastmosis at the recipient site, the glucose levels continued to decrease, while lactate lev-

els continued to increase. The lactate/glucose ratio clearly shows this trend, with the ratio

continuing to increase even after anastomosis, and is indicative of unsuccessful reperfu-

sion of the flap. This fact was communicated to the surgeons. Upon further investigation,

the surgeons discovered that there were blood clots in the vessels, preventing the blood

flowing into and out of the flap and hence causing it to be ischaemic. The patient was

thrombolysed to remove the clots and the anastomosis was carried out again. After the

second attempt at anastomosis, the glucose levels increased considerably from 0.26 ± 0.01
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mM (n=10) to 5.64 ± 0.83 mM (n=10). As observed in previous cases, the lactate levels

were slower to change, although levels did decrease following successful anastomosis. The

trend can be most clearly identified in the lactate/glucose ratio, which fell steeply from

17.25 ± 0.40 (n=10) to 0.64 ± 0.27 (n=10).

Following surgery, the patient was transferred to the ITU where monitoring continued

overnight for a further 12 hours. Metabolite levels were monitored overnight following the

surgery and dialysate levels are shown in figure 6.15.

Figure 6.15: Dialysate metabolite levels in the ITU after free flap surgery for patient

6. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were obtained

in real time using rsMD, with a point every minute for each metabolite, and were smoothed with a

Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point during surgery.

After 2 hours of monitoring in the ITU, dialysate glucose levels began to decrease to

0.20 ± 0.002 mM (n=10) and lactate levels began to increase to 4.83 ± 0.13 mM (n=10).

Moreover, the lactate/glucose ratio gradually increased over the 12 hours and was 24.83 ±
0.82 when monitoring was stopped. These levels suggested that the flap was ischaemic and

that further surgery was required. However, at this stage clinical observations indicated

that the flap was healthy. At a later time, after microdialysis monitoring had stopped, the

surgeons became concerned about the flap on the basis of clinical parameters and decided
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to re-operate as the flap had failed. Later tests revealed that this patient had a rare

blood condition that caused clots to form. Online monitoring using rsMD enabled the

flap failure to be detected before the problem could be identified by conventional clinical

parameters, which would have allowed earlier intervention.

6.3.7 Case study 7

Figure 6.16 shows dialysate metabolite levels before the probe was detached in surgery

and later in the ITU for a 64-year old female undergoing a flap procedure using a radial

forearm flap to reconstruct the cheek.

//

Baseline ITU

Figure 6.16: Dialysate metabolite baseline levels and levels in the ITU for patient

7. The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose

concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were obtained

in real time using rsMD, with a point every minute for each metabolite, and were smoothed with a

Savitsky-Golay 7-point filter. Time 0 represents the probe insertion point.
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Initial baseline levels were measured during surgery, prior to flap detachment. Dialysate

glucose and lactate levels were 0.69 ± 0.02 mM (n=10) and 0.33 ± 0.02 mM (n=10), re-

spectively. However, as the flap was moved from the donor site to the recipient site, the

probe fell out of the flap. The surgery was at a time-critical stage once the flap was dis-

connected from the blood supply and therefore a replacement probe could not be inserted

until the end of surgery. As a result, data were not obtained until the patient had been

moved to the ITU. At this point, glucose peaks were initially too low to reliably detect

and the concentration was estimated to be 0.17 ± 0.03 mM (n=5). In addition, dialysate

lactate levels were considerably higher than baseline levels at 3.47 ± 0.98 mM (n=10)

and were rising steeply, as was the lactate/glucose ratio. Comparison with baseline levels

before surgery allows us to conclude that this is a further example of a flap failure. Upon

clinical inspection of the flap, the surgeons concluded that there was no pulse and de-

cided to re-operate. During the second surgery, the surgeons were unable to successfully

reconnect the blood supply to the flap and because of the complicated nature of the case,

microdialysis monitoring was stopped.

6.4 Discussion

These results have demonstrated the feasibility of using rsMD to detect flap failure in real

time both during surgery and later in the ITU. Of the 7 cases presented, in cases 1, 2 and

3 the operation went as planned with a successful outcome. In case 5, the anastomosis was

successful but the artery was cut after the anastomosis and was subsequently repaired.

Cases 4 and 6 demonstrated intermittent failure during surgery, which was corrected.

Case 4 went on to have a successful outcome after surgery. However, in case 6, the flap

went on to later fail again in the ITU. Case 7 also shows an example of flap failure after

surgery, in the ITU.

Average dialysate glucose and lactate levels were 0.92 ± 0.40 mM and 1.14 ± 1.77

mM respectively, (n=7). This gives us a range of expected metabolite values for healthy

tissue under these microdialysis conditions. In all cases, a similar metabolic pattern was

observed in the dialysate upon onset of flap ischaemia.

After detachment of the flap the dialysate glucose levels decreased, while dialysate lac-

tate levels increased. The average change in glucose and lactate dialysate levels compared

with baseline was -0.31 ± 0.58 and +0.91 ± 1.30 mM (n=6). These changes corresponded

to an increase in the lactate/glucose ratio (mean +20.16 ± 42.11 mM, n=6, p<0.5 using

Wilcoxon signed-rank test (two-tail)). Ischaemia caused by arterial and venous occlusion,

two common causes of flap failure, could be individually identified.

Successful anastomosis resulted in an increase in dialysate glucose levels, a decrease

in dialysate lactate levels and a decrease in the lactate/glucose ratio. The average change
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in glucose and lactate dialysate levels compared with pre-anastomosis levels was +1.70 ±
2.04 and +0.44 ± 1.64 mM, respectively (n=6). The average change in the lactate/glucose

ratio compared with pre-anastomosis levels was -19.56 ± 41.04 mM (n=6). By contrast,

the average change in glucose and lactate dialysate levels compared with pre-anastomosis

levels for unsuccessful anastomoses was -0.02 ± 0.06 and +0.51 ± 0.41 mM, respectively

(n=2) and the average change in the lactate/glucose ratio was +21.38 ± 38.18 mM (n=2).

Compared with baseline levels, the average change in glucose and lactate dialysate

levels upon successful anastomosis was +1.39 ± 1.72 and +1.35 ± 2.18 mM, respec-

tively (n=6) and the average change in the lactate/glucose ratio was +0.60 ±1.78 (n=6).

Compared with baseline levels, the average dialysate glucose and lactate changes for an

unsuccessful flap was -0.75 ± 0.68 and +0.38 ± 1.45 mM, respectively (n=2) and the

lactate/glucose ratio was +8.25 ± 69.71 mM (n=2). Although a clear trend can be seen

from these results, the changes were not significant using a Wilcoxon signed-rank test

(two-tail) as a result of the small sample size.

Using this technique it was possible to clearly distinguish between successful and

unsuccessful flap reconstructions both during surgery and post-operatively. Histograms

summarising the metabolite levels at key time points are shown in figure 6.17 for a suc-

cessful (case 1) and unsuccessful case (case 6).
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Figure 6.17: Dialysate metabolite levels at key time points for cases 1 and 6. Dialysate

glucose levels are shown in red, dialysate lactate levels in green and the lactate/glucose ratio in

black at (i) baseline, (ii) after flap detachment, (iii) after anastomosis, for case 6 (iii-a) was an

unsuccessful attempt and (iii-b) was successful, and (iv) after monitoring overnight in the ITU. A

Mann-Whitney U test was used to assess changes compared with baseline at each stage (n=10).

NS=not significant, ** p<0.01, **** p<0.0001.
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For case 1, the glucose levels decreased upon flap detachment, which corresponded to

an increase in the lactate/glucose ratio. However, after successful anastomosis the levels

recovered and glucose levels increased even more in the ITU. This is the signature of a

successful flap. For case 6, although the profile starts o↵ the same, upon reconnection,

no change in the glucose levels was observed and the lactate/glucose ratio continued to

increase. At this point the surgeons attempted to redo the anastomosis, resulting in a

temporary increase in the dialysate glucose levels and a decrease in the lactate/glucose

ratio, similar to the signature for the successful flap. However, these changes were not

permanent as monitoring in the ITU shows that the glucose levels decreased and the lac-

tate/glucose ratio increased again. These results indicate that the flap was compromised,

as was later discovered by clinical assessment, and demonstrate the signature for an un-

successful flap. Using rsMD, we were able to detect signs of flap failure much earlier than

conventional methods allowed.

Glucose appears to be a more sensitive marker than lactate, as changes occurred more

rapidly; however, the changes are harder to identify when only considering glucose or

lactate trends individually, as opposed to considering them together. The lactate/glucose

ratio proved to be a considerably more sensitive and reliable marker of tissue health than

either metabolite alone, as it was not a↵ected by flow or recovery artefacts, and as a result

it eliminated artefacts caused by drugs such as vasodilators.

In summary, these results have shown that it is feasible to monitor dialysate metabolite

levels during free flap surgery and afterwards in the ITU as a marker of flap health.

Changes observed in the dialysate glucose and lactate levels and the lactate/glucose ratio

correspond extremely well with events as relayed by the surgical team. Using online rsMD

it was possible to detect flap failure in surgery and in the ITU.

As a result of the small number of cases monitored and the variability between them,

further studies are required in order to carry out a full statistical analysis and to draw firm

conclusions. Greater reliability is required in attaching the microdialysis probe to small

flaps to prevent it falling out. Furthermore, a challenge during surgical monitoring was

the di�culty in positioning the clinical trolley close enough to the patient to minimise

the analysis delay whilst keeping out of the way of the surgical teams during a busy

and stressful procedure. A miniaturised wireless system that could be placed in a sterile

container at the patient bedside would eliminate this problem and would reduce the delay

time further still, as the long connection tubing would not be needed, allowing closer to

real-time measurements. A step towards this goal can be seen in chapter 8.
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Chapter 7

Athlete monitoring: the

bioanalytical problem

This chapter and chapter 8 describe the development of a wearable biosensing system

for monitoring subcutaneous energy metabolites in cycling athletes, in collaboration with

Prof. Guang-Zhong Yang, as part of the ESPRIT project. This chapter presents the

rationale and the relevant literature for the use of wearable sensors in exercise monitoring.

A series of measurements are presented starting with delayed analysis of samples collected

online in storage tubing, through to real-time analysis using rapid sampling microdialysis

(rsMD) and online biosensors. This chapter aims to define the bioanalytical problem for

the eventual development of a wearable biosensing system, which will be described in

detail in chapter 8.

7.1 Introduction

Research into wearable sensors is a rapidly growing area, with many new technologies

emerging that can provide the wearer with real-time information about their health and

fitness (266, 267, 268). Miniaturised wearable chemical/biochemical sensors have been

developed for detection of analytes in various di↵erent bodily fluids, including sweat

(269, 270), tears (271, 272), saliva (273, 274) and interstitial fluid (275, 276).

In particular, there has been considerable interest in wearable sensors that can as-

sess athlete performance. Until recently, developments in wearable sensors have mainly

focused on measurement of vital signs such as heart rate and electrocardiography, but

chemical/biochemical sensors can provide important information in addition to these

physical parameters (267, 277). Real-time information can allow athletes to assess their

training e↵ectiveness, to make appropriate adjustments and to track improvements on an

individual level.
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Measurement of lactate and glucose is particularly interesting as it can provide im-

portant information about tissue oxygenation levels. During intense exercise, low tissue

oxygen levels result in a switch from aerobic to anaerobic metabolism to meet the energy

demands of the body. Anaerobic metabolism results in an increase in lactate and an

increased consumption of glucose, as anaerobic processes are less e�cient than aerobic

processes (described in section 1.3). At low or moderate levels of exercise, the body is

able to clear the lactate that is produced so that exercise can continue. However, at

high intensities of exercise, the amount of lactate produced exceeds the amount that the

body is capable of clearing, resulting in an accumulation of excess lactate, which leads to

fatigue. Therefore, lactate is a particularly important biomarker for sports monitoring,

as it can be used as a measure of how hard the body is working (278). This in turn

enables athletes to modulate their e↵ort to avoid causing themselves damage as a result

of over-training or to train their body to increase its e�ciency in clearing excess lactate.

Metabolite monitoring of athletes is usually carried out in the blood, using com-

mercial finger-prick blood analysers. Although blood measurements provide important

information about body metabolite levels, these analysers are impractical for continu-

ous monitoring. The analysers take discrete measurements, therefore samples have to be

taken regularly in order to obtain good temporal information, which results in constant

interruptions during the activity period. Moreover, even with repeated measurements,

the temporal resolution is not su�cient to observe dynamic changes in metabolite levels.

An autonomous portable device that allows continuous monitoring of metabolite levels

in real time would present significant advantages over the discrete blood measurements

that are currently used. Biosensors that can continuously measure lactate levels in sweat

in real time have recently received considerable interest as they o↵er a non-invasive mon-

itoring method (270, 279). However, levels observed depend on the site of measurement

and there is some debate regarding the correlation between sweat and blood lactate levels

as studies have shown that lactate in sweat is simply a result of sweat-gland metabolism

(280). Moreover, these devices can be a↵ected by humidity (268) and it is not possible

to obtain baseline levels before exercise using this method, as these devices rely on the

presence of sweat to connect the electrochemical cell.

Metabolite measurement in saliva has also been investigated as a non-invasive alter-

native to blood measurement (268, 281). Kim et al. proposed a non-invasive mouthguard

biosensor for continuous measurement of salivary lactate (281). However, the device was

not tested with humans.

Continuous monitoring of tissue metabolites using microdialysis has also been pro-

posed (282, 283). Poscia et al. adapted the GlucoDay R� device, which uses microdialysis

to measure subcutaneous glucose levels in real time, for measurement of subcutaneous

lactate (282). A preliminary study demonstrated the feasibility of using the device for a
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human subject. However, this system only gives a data point every 3 minutes. Therefore,

for dynamic changes during exercise, its temporal resolution is limited. Implantable nee-

dle biosensors that incorporate lactate oxidase have also been developed for subcutaneous

measurement of lactate levels during exercise (37). However, sterilisation may a↵ect the

activity of the enzyme and therefore the sensitivity of the sensor.

Although it would be preferable to use a non-invasive or minimally invasive method

of monitoring, microdialysis is particularly attractive as Food and Drug Administration

(FDA)-approved, CE-marked sterile probes are available that can be used for human

subjects. When coupled with an online analysis system, microdialysis can provide good

time resolution that is ideal for resolving dynamic changes during exercise (5, 33).

More generally, development of a wearable device to measure metabolite levels in

dialysate could have huge potential for clinical microdialysis applications. Exercising ath-

letes are likely to display a large range of metabolite concentrations and will be physically

moving. Therefore, a wearable device that is feasible for exercising athletes should also

be feasible in a clinical situation.

In this chapter and chapter 8 I describe the development of a wearable microfluidic

device that uses microdialysis to sample the subcutaneous tissue and glucose and lactate

biosensors to continuously measure changes in dialysate metabolite levels during and

after exercise. As a first approach, preliminary experiments are presented using existing

technologies to define the scope of the analytical problem and to obtain a clear picture

of the necessary requirements for the final device. In particular, as lactate levels increase

during exercise it is important to identify the range that the lactate biosensors are required

to detect in; the dynamic range can be extended if necessary, as described in chapter 3.

Chapter 8 follows on from these preliminary experiments, describing the development of

a proof-of-concept wearable device using exercising athletes to demonstrate its feasibility.

7.2 Sample collection in storage tubing for delayed

analysis

For preliminary experiments, dialysate samples were collected into lengths of fine-bore

storage tubing and analysed for glucose and lactate levels at a later date. This enabled

cycling trials to be carried out without the need for the probe to be connected to the large

clinical trolley during exercise. In this initial set of experiments preliminary information

was gathered in order to investigate the feasibility of monitoring tissue metabolite levels

during cycling using this methodology, as well as to determine the typical magnitude and

timescale of any changes for design of the new analysis system. It also served to define
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a strict protocol for further experiments, including selection of the appropriate perfusion

flow rate.

7.2.1 Microdialysis procedure

All procedures were approved by the local ethics committee and microdialysis probes

were implanted by a qualified clinician. Prior to probe insertion, the skin was cleaned

with alcohol wipes, after which an anaesthetic cream (EMLA, APP Pharmaceuticals)

was applied. After 45-60 minutes, the anaesthetic cream was removed and an ice pack

was applied for 5 minutes to further numb the area. A sterile microdialysis probe (CMA

63, MDialysis, Sweden) with a 10 mm membrane length and a 20 kDa molecular weight

cut-o↵ was inserted subcutaneously into the lower back using the tunnelling needle and

introducer supplied and secured in place using a sterile dressing. The probe was perfused

with sterile T1 perfusion solution (MDialysis, Sweden) using a portable syringe pump

(CMA 107, MDialysis, Sweden) prior to insertion. A luer-lock extension set (150 cm, 0.4

ml internal volume, Alaris Medical Systems, UK) was used to extend the inlet tubing of

the probe so that the pump could be placed at a distance from the cyclist so as not to be

in the way.

7.2.2 Sample collection and analysis

As described in section 4.2.4, dialysate samples were collected and stored in tubing for

delayed analysis. Lengths of 0.4 mm inner diameter (ID) Portex tubing (Smiths Medical,

UK) were primed with T1 solution and were attached to the outlet of the probe to collect

the dialysate. These lengths of storage tubing were labelled so that the direction of flow

was known and were attached to the probe outlet using interconnect tees and fittings

(LabSmith, US), as shown in figure 7.1. This enabled the tubing to be securely attached

with minimum dead volume and to be easily taken o↵ and replaced with new tubing as

necessary. Once filled, the ends of the storage tubing were melted to seal them, so that

the dialysate samples were not lost and the tubes were stored in the freezer until analysis

was possible.

The stored dialysate was analysed at a later time by flowing the samples through the

rsMD analysis system described in section 2.3.1.1. Using this system, a dialysate sample

was injected through either a glucose or a lactate assay every 30 seconds. In this way

the collected samples were e↵ectively ‘played back’ as if in real time, with retention of

temporal resolution.
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Flow from 
MD probe

Storage tubing

Figure 7.1: Online sample collection in storage tube. Collection tubing attached to the

microdialysis (MD) probe outlet using LabSmith interconnect tees and fittings to reduce the dead

volume and to allow easy changeover between subsequent tubes.

7.2.3 Experimental protocol

The cycling protocol was designed by the ESPRIT sensors team to include varying levels

of exercise to investigate whether any correlation exists between tissue glucose and lactate

levels and exercise intensity. The protocol used is shown in figure 7.2A, with approximate

rotations per minute (rpm) indicated at each stage. Although the general protocol was

followed in all cases, the exact rotation speeds were tailored to the fitness level of each

cyclist, as it was important that they were able to complete the whole protocol.

Baseline (resting)
 30 min (approx.)

Warm up
(~60 rpm)

8 min

Medium
(~70 rpm)

8 min

High
(~80 rpm)

7 min

In
te

ns
ity

Recovery (resting)
30 min (approx.)

Warm down
 8 min 

Sprint
1 min

Storage tube: 1 2 3

A

B
(i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)
Time

Figure 7.2: Schematic diagram showing the experimental protocol. A. Tissue levels were

monitored during an initial resting period, followed by cycling at 4 levels of increasing rpm, a period

of warming down and a final period of resting. Red dots indicate when blood samples were taken.

B. Dialysate was consecutively collected into three sample tubes for the three phases: baseline (1),

exercise (2) and recovery (3).

For each experiment, dialysate samples were collected in three lengths of tubing, one

for each of the three sections: baseline, cycling and recovery, as shown in figure 7.2B.
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These lengths of tubing were each long enough to hold 45 minutes of dialysate; for probe

perfusion at 5 μl/min this was 1.79 m and at 1 μl/min this was 0.358 m. The experimental

setup is shown in figure 7.3.

MD pump

Storage 

tubing

Lactate sweat

sensor
MD probe

Figure 7.3: Experimental setup. The microdialysis (MD) probe was inserted subcutaneously

into the lower back. The probe outlet was connected to a length of storage tubing for sample

collection. The microdialysis pump was placed out of the way. A lactate sweat sensor, developed by

Dr Salzitsa Anastasova was also placed on the lower back for comparison between tissue and sweat

measurements.

In between each stage, cycling was temporarily interrupted to obtain a measure of

glucose and lactate levels in the blood (timings indicated by red dots in figure 7.2A). This

was carried out using a finger-prick test and commercial analysers. A saliva sample was

also collected at the same time for analysis of lactate levels at a later date. Monitoring of

lactate levels in sweat was also performed by Dr Salzitsa Anastasova, in order to identify

any apparent trends between levels in tissue, blood, saliva and sweat, however these

findings will not be discussed here.

7.2.4 Microdialysis resolution enhancement

In a process analogous to that used in chapter 4.2.4, storage tubing was used to break

the link between collection and analysis time. This allowed us to take advantage of the

fact that using delayed analysis, the stored sample can be analysed at a slower flow rate

than that at which it was collected, which in turn improves the temporal resolution. For
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7.2 Sample collection in storage tubing for delayed analysis

example, using the rsMD analysis system, glucose and lactate measurements are obtained

every minute. Therefore, by collecting dialysate at 5 µl/min and running the sample

back at the lower flow rate of 1 µl/min, 5 measurements could be obtained per minute of

collected dialysate, giving readings every 12 s. This concept is demonstrated in figure 7.4.

Collection (real-time)
5 µl/min, 1 hour
60 measurements

Analysis
1 µl/min, 1 hour (5 hours to analyse)
720 measurements

Start Finish

Figure 7.4: Schematic comparison of temporal resolution at di↵erent flow rates. Samples

were collected at 5 µl/min, which would give 60 glucose and lactate measurements in 1 hour if it was

also analysed at this flow rate. If the analysis flow rate is slowed down to 1 µl/min, 720 measurements

can be obtained per hour of collected dialysate.

7.2.5 O✏ine results at 5 µl/min

Dialysate glucose and lactate levels, as well as the ratio of the two, during the cycling

protocol are shown in figure 7.5 for a preliminary experiment using a flow rate of 5

µl/min, with the approximate timings of the exercise phases indicated. As a result of

time constraints, in this case, the cycling protocol did not include the final warm-down

phase and only consisted of a short period of recovery.
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10 min

Baseline Exercise Recovery

Time

30 s

20 nA

Figure 7.5: Results at 5 μl/min: dialysate metabolite levels during the cycling protocol.

The green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose con-

centrations and the black trace shows the corresponding lactate/glucose ratio. Data were collected

in storage tubing at 5 μl/min and analysed using rsMD at 1 μl/min, with a point every minute

for each metabolite, corresponding to a point every 12 s in real time. The sections highlighted in

blue indicate the three phases of exercise, of increasing intensity. Lactate levels were too low to reli-

ably detect in the baseline phase. Inset: Exemplar lactate peaks during the baseline phase, almost

indistinguishable from baseline ripple.

In this preliminary experiment, a relatively fast microdialysis flow rate of 5 μl/min

was used to maximise possible time resolution and to reduce the risk of high lactate

concentration, which would be beyond the dynamic range of the assay. The faster flow

rate succeeded in improving the time resolution, giving a data point every 12 seconds,

but it reduced the probe recovery to the extent that the lactate signal during the baseline

phase was too low to reliably detect. Therefore, a lower flow rate was chosen for further

experiments.

As a result of the high time resolution, it was possible to detect dynamic, fast-changing

events during the exercise period, which could be linked to the brief pauses where the

cyclist stopped exercising for blood measurements to be taken. These findings indicated

that it was necessary to adapt the protocol to remove these pauses, as they affected the

results obtained.

During the exercise phase, lactate concentrations were measurable. Preliminary re-
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sults show that the lactate and lactate/glucose ratio both rose during increasing levels

of exercise intensity and continued to rise even after exercise had stopped. These results

highlighted the importance of monitoring for a longer period of time following exercise,

as levels were still changing dramatically; it would be interesting to investigate this e↵ect

further.

As a result of a technical issue in the sample analysis, the first 5 minutes of the

exercise sample were lost. At times, the length of data obtained varied from that expected,

suggesting that the time was slightly distorted using this method. This made assignment

of events complicated.

Microdialysis flow rate

As described in section 1.5.1, the recovery of the microdialysis probe is dependent on

the rate at which it is perfused; a higher flow rate leads to larger sample volumes and

greater mass extraction, but also to lower probe recovery and hence to lower dialysate

concentration. It was found that a probe flow rate of 5 µl/min was too high in the

preliminary experiment, causing basal lactate levels to be too low to reliably detect.

To determine the appropriate microdialysis flow rate to use for further experiments,

at which probe recovery would be high enough to enable reliable detection of basal lactate

levels, baseline samples collected at 5, 2 and 1 µl/min were compared. The results are

presented in figure 7.6.
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Figure 7.6: Choice of microdialysis flow rate. Baseline dialysate lactate levels collected at 1, 2

and 5 µl/min. Histograms represent mean ± standard deviation, n=10 for 1 and 5 µl/min and n=3

for 2 µl/min. A Mann-Whitney U test was used to compare levels with that at 5 µl/min. NS=not

significant, **** p<0.0001.
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As shown in figure 7.6, basal lactate levels were very low at both 5 and 2 µl/min.

In fact, Matlab tends to overestimate peak height at these low levels so concentrations

are likely to be even lower than shown here. However, at 1 µl/min, baseline levels were

considerably higher and much easier to detect and analyse.

7.2.6 O✏ine results at 1 µl/min

Example 1

For a second experiment, the probe perfusion flow rate was reduced to 1 µl/min in order

to increase the probe recovery and therefore increase the concentration of lactate in the

samples so that levels could easily be detected. As shown in figure 7.7, dialysate lactate

levels were high enough to be successfully detected, even during the baseline phase, con-

firming that 1 µl/min was a suitable flow rate to use here. The time resolution was still

improved during analysis by halving the flow rate at which the samples were collected so

that a measurement could be made every 30 seconds of collected data.
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10 min

//

Baseline Warm 
down Recovery

Time

Figure 7.7: Example 1 at 1 μl/min: dialysate metabolite levels during the cycling

protocol. The green trace shows dialysate lactate concentrations, the red trace shows dialysate

glucose concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were

collected in storage tubing at 1 μl/min and analysed using rsMD at 0.5 μl/min, with a point every

minute for each metabolite, corresponding to a point every 30 s in real time.

However, in this case the cyclist was setting up the bike during the baseline phase

and, as a result of this movement, the lactate and glucose levels during this period were

not stable. Tissue metabolite levels are likely to vary between different people, therefore

it is critical to measure a resting baseline level to act as a control with which to compare

levels during the varying levels of exercise. Therefore, for future experiments, the bike

was set up prior to probe insertion and the cyclists were asked to remain seated until a

baseline level had been measured.

In addition, technical issues were encountered during the sample analysis, as the stor-

age tubing became disconnected from the flow injection valve and the sample drained

out. As a result, the exercise section of the data was lost. Sample loss is an inherent

disadvantage with this methodology; if the samples were analysed in real time, issues

could be identified as they happen and if necessary, sampling could be carried out for
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longer. However, if problems occur when samples are analysed offline, then data may be

irrecoverably lost.

Towards the end of the recovery phase, both glucose and lactate levels rose steeply,

possibly because of movement of the probe. However, this dramatic change was not

seen in the lactate/glucose ratio, exemplifying the importance of calculating the ratio.

Moreover, this result indicated that the probe needed to be placed more securely for

future experiments.

Example 2

Figure 7.8 shows the results from another experiment carried out at 1 μl/min.

Baseline Exercise

Time

5 min

Warm-up Medium-intensity High-
intensity

Warm-down

Figure 7.8: Example 2 at 1 μl/min: dialysate metabolite levels during the cycling

protocol. The green trace shows dialysate lactate concentrations, the red trace shows dialysate

glucose concentrations and the black trace shows the corresponding lactate/glucose ratio. Data were

collected in storage tubing at 1 μl/min and analysed using rsMD at 0.5 μl/min, with a point every

minute for each metabolite, corresponding to a point every 30 s in real time.

Unfortunately the data from the baseline storage tubing were lost during sample anal-

ysis, but a short section remained at the beginning of the exercise phase storage tubing.
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The data obtained during the exercise phase show good temporal resolution, with clear

changes visible. Preliminary results show that lactate and the lactate/glucose ratio in-

creased during exercise. At the end of the warm-up phase, lactate levels appear to have

dropped. However, using the storage tubes for sample collection and delayed analysis

appears to have caused a volume error, resulting in some distortion of the time, making

event assignment di�cult. Therefore, it is possible that the phases indicated in figure 7.8

have been shifted.

The data presented here are an example of a cyclist who was not physically able to

complete the full protocol. In addition, in this case the probe came out slightly so that

the membrane was not fully inserted under the skin. As a result, the levels could actually

have been considerably higher if the full sampling area had been in contact with the tissue.

This would have resulted in very high levels of tissue lactate, suggesting that tissue lactate

levels may be linked to fitness. However, it also emphasised the importance of ensuring

the probe was well secured.

In this particular case, it is unlikely that a steady speed was maintained at each level

as the cyclist was struggling to maintain the pace. This highlights the need to improve the

protocol to incorporate a means of aligning the data with some measure of the cyclist’s

exertion. In addition, it was not possible to draw any conclusions regarding subcuta-

neous metabolite levels during recovery as insu�cient time was allowed for collection of

dialysate during the recovery phase; however, the results show that the lactate/glucose

ratio continued to increase during the warm-down phase, indicating the importance of

extending the protocol to include monitoring of a longer period of recovery after exercise.

7.2.7 Preliminary conclusions

Although it was possible to collect dialysate in storage tubing for delayed analysis, the

method did not prove suitable for this application because of the fast-changing events

that occur and the di�culty in assigning exact timings to these events; instead, future

experiments were carried out with online analysis so that events could be noted as they

occurred. However, on the basis of these initial experiments it was possible to make

improvements to the experimental protocol in order to improve the quality of the data

obtained. In order to quantify the exercise intensity to aid interpretation of the results,

it would be useful to also have some measure of the cyclist’s heart rate throughout the

protocol. On the basis of these preliminary experiments it was possible to define the

expected range of dialysate glucose and lactate concentrations, which are 0.2-5.0 mM and

0.2-4.0 mM, respectively.
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7.3 Online analysis of dialysate

The next stage towards the development of a wearable device was to move to online analy-

sis in a microfluidic chip. The first step in achieving this was to validate the biosensors to

ensure they were capable of detecting the physiological levels of subcutaneous glucose and

lactate. In the following experiments, the lactate and glucose biosensors were positioned

in a PDMS chip, upstream of the rsMD system, so that the dialysate would first flow past

the online biosensors and then on to the rsMD system, enabling comparison of the results

obtained using the online biosensors with those obtained using the gold-standard rsMD

analysis system.

7.3.1 Configuring the online system

The choice of biosensors was informed by the preliminary results obtained in section 7.2.6.

On the basis of these results, the expected physiological range of dialysate glucose and

lactate with these microdialysis conditions is 0.2-5.0 mM and 0.2-4.0 mM, respectively.

The hydrogel biosensors described in section 3.3 are capable of detecting glucose in this

predicted range. However, the dynamic range of the lactate hydrogel biosensors would not

be su�cient for this application. Therefore, it was necessary to coat the lactate biosensors

with polyurethane in order to extend their dynamic range. As described in section 3.4,

addition of an outer polyurethane layer results in a decrease in sensitivity but an increase

in the dynamic range. The sensitivity of the polyurethane-coated lactate biosensors was

still su�cient for the predicted levels. The e↵ect of the addition of an outer polyurethane

layer is demonstrated in figure 7.9.
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Figure 7.9: Dynamic range of lactate biosensors. Comparison of response of polyurethane-

coated (light green) and uncoated (dark green) lactate biosensors to injections of lactate standard.

Calibrations were carried out in a beaker. Biosensors were held at a constant potential of +0.75 V.

Mean ± standard deviation of measurement is shown. Points fitted with the Hill equation.

In order to allow simultaneous measurement of dialysate glucose and lactate levels

using both rsMD and on-chip biosensors, the dialysate passed first through a PDMS

microfluidic chip containing glucose and lactate 50 µm disc electrode hydrogel biosensors,

then into a 100 nl sample loop of the rsMD flow injection valve. The analysis system is

shown in figure 7.10.

The outlet of the probe was extended using 1 m of low-volume fluorinated ethylene

propylene (FEP) tubing (0.12 mm ID, Royem Scientific, UK) in order to reach the clinical

trolley. In order to do this, the vial holder was removed from the probe outlet, leaving

about 1 cm of tubing on the end, which was connected to the FEP tubing using a tubing

adaptor. The other end of the vial holder was trimmed so that just the needle was left,

which was connected to the probe outlet tubing. The FEP extension tubing was initially

primed with T1 solution so that it was possible to check that the solution was flowing

out through the probe as soon as it was connected. Once this was confirmed, the end of

the FEP tubing was connected to the analysis system. As a result of the long extension

tubing and the low flow rate used, the delay from the microdialysis probe to the online
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biosensors was 26 minutes and to the rsMD system was 34 minutes.

Figure 7.10: Online analysis experimental setup. The microdialysis probe flowed first into a

PDMS microfluidic chip containing 50 µm disc electrode hydrogel glucose and lactate biosensors and

then into the flow injection valve of the rsMD system. The delay between the microdialysis (MD)

probe and the online biosensors (t1) was 26 min and the delay between the microdialysis probe and

the rsMD system (t2) was 34 min at 1 µl/min.

The biosensors and rsMD system were initially calibrated using a LabSmith autocal-

ibration board, as described in section 3.2.3. In this case, 5 steps were carried out using

T1 solution and a 2 mM glucose/lactate solution. Using this autocalibration board it

was possible to calibrate both analysis systems simultaneously. An example of a 5-point

calibration of the two systems from 2-0 mM is shown in figure 7.11; the calibration stream

flowed first through the online biosensors and then into the rsMD system.
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Figure 7.11: A 5-point calibration of the two online analysis systems. The calibration

stream flowed through the microfluidic chip containing the glucose and lactate biosensors and then

into the rsMD analysis system, leading to a short delay between the calibrations for the two systems.

The top two traces show the calibration steps for the glucose (red) and lactate (green) online biosen-

sors, and the bottom two traces show the inverted reduction peaks for glucose (red) and lactate

(green) obtained using the rsMD system. The calibration steps are 2.0, 1.5, 1.0, 0.5 and 0.0 mM.

All the equipment was housed on a clinical trolley, placed next to the exercise bike. A

photograph of the experimental setup is shown in figure 7.12.
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Figure 7.12: The clinical trolley for online analysis. The microdialysis (MD) probe outlet

was extended to reach the clinical trolley, which held all the equipment for the on-chip biosensor

and rsMD systems and was placed beside the exercise bike to monitor dialysate glucose and lactate

levels during cycling.

7.3.2 Improved experimental protocol

The experimental protocol was improved on the basis of the preliminary results. For these

experiments, blood and saliva samples were taken without the cyclist stopping between

stages so as to avoid interrupting the exercise. In addition, the length of the recovery

time was extended and the bike was set up prior to commencing exercise, so that during

the baseline period the cyclist could remain seated in order to obtain stable baseline

levels, uncomplicated by movement. A heart rate monitor chest belt (Suunto R© dual chest

belt, Finland), which wirelessly linked with the exercise bike, was worn and parameters

from the bike, such as heart rate and rpm, were recorded from the exercise bike during

cycling in order to quantify the exercise intensity to correlate with the metabolite results

observed.

7.3.3 Results: rsMD

A total of three cyclists were monitored using this methodology. Results obtained using

the gold-standard rsMD system are discussed in this section.
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7.3.3.1 Cyclist 1

Figure 7.13A demonstrates the parameters that can be recorded from the exercise bike

in order to quantify the exercise intensity; heart rate and rpm for the cycling phase,

corresponding to the data section between the dotted lines in figure 7.13B, are shown for

this cyclist. Dialysate glucose and lactate levels, as well as the ratio of the two, during

the complete cycling protocol are shown in figure 7.13B. Tissue dialysate and blood levels

of glucose and lactate at key time points during the cycling protocol are summarised in

table 7.1.
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Figure 7.13: Dialysate metabolite levels and recorded exercise parameters for cyclist

1. A. The blue trace shows rpm and the purple trace shows heart rate during the cycling phase

of the protocol. A heart rate monitor chest belt, which wirelessly links with the exercise bike, was

worn and data were recorded in real time. B. The green trace shows dialysate lactate concentrations,

the red trace shows dialysate glucose concentrations and the black trace shows the corresponding

lactate/glucose ratio. Data were obtained in real time using rsMD, with a point every minute for

each metabolite.

An initial peak in both dialysate glucose and lactate levels was seen following probe

insertion. The period of time for tissue stabilisation following probe insertion has previ-
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Table 7.1: Subcutaneous levels of lactate and glucose levels compared with blood levels for cyclist

1 before, during and after exercise. A Mann-Whitney U test was used to assess changes compared

to baseline at each stage. NS=not significant, * p<0.05, ** p<0.01.

Stage [Glucose] (mM) [Lactate] (mM)

Tissue dialysate Blood Tissue dialysate Blood

Baseline 1.8 ± 0.17 (n=10) 3.8 1.3 ± 0.05 (n=10) 1.0

After 8 min 70 rpm 1.9 ± 0.06 (NS, n=3) 3.9 1.4 ± 0.03 (*, n=3) 2.4

After 8 min 80 rpm 1.8 ± 0.03 (NS, n=3) 4.1 1.5 ± 0.04 (**, n=3) 5.1

After 7 min 90 rpm & sprint 1.8 ± 0.07 (**, n=3) 5.4 1.7 ± 0.08 (**, n=3) 16.1

After warm-down 1.6 ± 0.01 (NS, n=3) 4.7 1.7 ± 0.03 (**, n=3) 8.3

ously been reported to be 10-15 minutes (99), which is consistent with these results. This

increase is removed when considering the ratio of the two metabolites and is therefore

an artefact. This participant had not eaten for several hours prior to monitoring and

consequently his blood glucose levels were low, as can be seen in table 7.1; the asterisk in

figure 7.13B indicates the point at which he ate a small amount of food in order to ensure

he could complete the exercise protocol. Unfortunately, this may have complicated the

baseline levels, as this coincides with a large peak in the measured glucose and lactate

levels as well as a steady increase in the lactate/glucose ratio.

During exercise, the glucose and lactate levels seemed to remain fairly stable, with

a slight increase in lactate levels. This corresponded to a stepwise increase in the lac-

tate/glucose ratio as the exercise intensity increased, showing that this is a more sensitive

marker of the subcutaneous changes occurring. As the exercise intensity was reduced, the

ratio continued to increase. From the glucose and lactate traces, this can be attributed to

an increase in the local lactate levels, despite a coincident small increase in local glucose

levels. The recovery period was only monitored for a short time in this case, but the initial

trend seems to indicate a continued rise in the lactate/glucose ratio, again emphasising

the value of this way of representing the data. Monitoring during the recovery period

needs to be extended in order to gain more information on the changes occurring during

this phase.

In contrast to the fairly stable tissue glucose levels observed, blood glucose levels

seemed to increase, even during intense exercise, which was unexpected; however, this

could possibly be due to the participant eating immediately prior to this, which could

have complicated the results. In contrast to the small increase observed for tissue lactate,

blood lactate levels showed a dramatic rise with increasing exercise intensity, followed by

a decrease as the cyclist slowed down. This decrease was not seen in the tissue dialysate

levels.

239



7. ATHLETE MONITORING: THE BIOANALYTICAL PROBLEM

7.3.3.2 Cyclist 2

Subcutaneous dialysate levels of glucose and lactate during the cycling protocol are shown

in figure 7.14 for cyclist 2. Table 7.2 summarises tissue and blood metabolite levels at

key time points throughout the monitoring period.

Figure 7.14: Dialysate metabolite levels during the cycling protocol for cyclist 2. The

green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentra-

tions and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real

time using rsMD, with a point every minute for each metabolite.

As with the previous data, an initial peak in both glucose and lactate was seen imme-

diately after probe insertion, which was cancelled out by considering the lactate/glucose

ratio. A second spike in glucose and lactate was seen during the baseline period, which

was also removed by calculating the ratio of the two metabolites, indicating that this was

also an artefact.
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Table 7.2: Subcutaneous levels of lactate and glucose levels compared with blood levels for cyclist

2 before, during and after exercise. A Mann-Whitney U test was used to assess changes compared

to baseline at each stage. NS=not significant, * p<0.05, ** p<0.01.

Stage [Glucose] (mM) [Lactate] (mM)

Tissue dialysate Blood Tissue dialysate Blood

Baseline 1.4 ± 0.16 (n=10) 5.5 2.0 ± 0.14 (n=10) 1.7

After 8 min 65 rpm 1.6 ± 0.04 (NS, n=3) 5.4 2.5 ± 0.02 (*, n=3) 3.2

After 8 min 90 rpm & sprint 1.6 ± 0.07 (**, n=3) 5.4 2.7 ± 0.03 (**, n=3) 11.7

After 10 min recovery 1.5 ± 0.01 (NS, n=3) 5.2 3.3 ± 0.01 (**, n=3) 12.3

During the exercise period, blood and tissue glucose levels remained fairly stable, while

lactate increased in both the tissue and the blood. The magnitude of this lactate increase

was much larger in the blood than on a local tissue level. One possible explanation for

this could be that in order to meet the increased demands of the tissue during exercise,

the local blood supply would have increased and acted as a sink, removing excess lactate

from the tissue. During exercise, there was a slight increase in the lactate/glucose ratio,

in a stepwise manner. As the level of exercise decreased, the glucose and lactate levels

also decreased, but the ratio continued to increase.

In the recovery period after exercise, the glucose levels remained fairly stable, while

the lactate levels increased, as did the lactate/glucose ratio. Even after 10 minutes of

recovery, the tissue and blood lactate levels continued to increase. However, in this case

the percentage change was largest in the tissue, suggesting that the decreased local blood

supply on cessation of exercise lessened this sink e↵ect. Although a longer period of

recovery was monitored in this case, it would be interesting to monitor for longer still to

see when these levels return to normal.

7.3.3.3 Cyclist 3

For the third cyclist monitored using this methodology, the recovery period was extended

in order to increase our understanding of the local changes occurring following exercise.

Dialysate glucose and lactate levels and their ratio over the full monitoring period are

shown in figure 7.15. Blood and tissue metabolite levels at key moments during the

cycling protocol are summarised in table 7.3.
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Figure 7.15: Dialysate metabolite levels during the cycling protocol for cyclist 3. The

green trace shows dialysate lactate concentrations, the red trace shows dialysate glucose concentra-

tions and the black trace shows the corresponding lactate/glucose ratio. Data were obtained in real

time using rsMD, with a point every minute for each metabolite.

Table 7.3: Subcutaneous levels of lactate and glucose levels compared with blood levels for cyclist

3 before, during and after exercise (ND indicates level below detection limit). A Mann-Whitney U

test was used to assess changes compared to baseline at each stage. * p<0.05, ** p<0.01.

Stage [Glucose] (mM) [Lactate] (mM)

Tissue dialysate Blood Tissue dialysate Blood

Baseline 2.6 ± 0.11 (n=10) 6.2 0.6 ± 0.08 (n=10) ND

After 6 min 80 rpm 3.2 ± 0.09 (**, n=3) 5.0 0.8 ± 0.03 (**, n=3) 1.7

After 8 min 90 rpm & sprint 3.0 ± 0.05 (**, n=3) 5.3 0.8 ± 0.03 (**, n=3) 9.6

After 10 min recovery 2.7 ± 0.01 (*, n=3) 5.2 0.8 ± 0.02 (**, n=3) 3.2

A small peak in both glucose and lactate levels can be seen at the start of monitoring.

As this e↵ect is not evident in the lactate/glucose ratio, it can be attributed to a tissue

stabilisation e↵ect following probe insertion.
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In this data set, there was a small increase in tissue glucose levels after some exercise,

although this slightly decreased after further exercise and even further still after the

cyclist had rested. This could be due to an initial increase in the supply of glucose locally,

followed by an increased usage, in order to meet the extra energy demands of the tissue.

Blood glucose decreased from baseline levels, although it remained fairly stable during

increasing exercise intensity and resting. In this case, tissue lactate levels remained fairly

stable, with a slight increase compared with baseline after intense exercise and even after

10 minutes of resting. Changes in blood lactate levels were much more marked, with

a large increase as exercise intensity increased. Interestingly, in this case, blood lactate

levels dramatically decreased after 10 minutes of resting, although they continued to rise

in the tissue.

During exercise, the lactate/glucose ratio remained fairly stable, despite small fluc-

tuations in the individual metabolite levels; this marker is a much clearer indicator of

the overall trends than either metabolite alone. The stability of the lactate/glucose ratio

during increasing exercise intensity could serve as an indicator of the ability of the body

to regulate its response during intense exercise in order to meet the extra energy demands.

In this case, as exertion increased the local blood supply was su�cient to maintain local

glucose levels and to remove excess lactate.

After about 10 minutes of resting, there was a sharp decrease in the local glucose levels

and an increase in lactate levels, leading to a steep increase in the lactate/glucose ratio.

One possible explanation for this could be that the blood supply had returned to normal,

reducing the local glucose delivery, while local usage remained elevated. After resting for

half an hour, the lactate/glucose ratio began to return to normal. The time needed for

levels to return to normal could possibly serve as a marker of fitness.

7.3.3.4 Summary

Histograms summarising average metabolite levels for each cyclist at the main stages

during the cycling protocol are shown in figure 7.16.
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Figure 7.16: Dialysate levels during key points in cycling protocol. Dialysate lactate levels

are shown in green, dialysate glucose levels in red and the lactate/glucose ratio in black for each of

the three cyclists at (i) baseline, (ii) midway through warm-up stage, (iii) midway through medium-

intensity stage, (iv) midway through high-intensity stage, (v) after sprint, (vi) after warm-down

stage and (vii) after 10 min recovery, where data available. Time points correspond to labels in

the cycling protocol in figure 7.2. A Mann-Whitney U test was used to assess changes compared to

baseline at each stage (n=3, except baseline where n=10). NS=not significant, * p<0.05, ** p<0.01.

There is a clear trend in the local lactate concentration, with levels elevated after

intense exercise and remaining so even after exercise has stopped. However, the glucose

trend is less clear across all three cases. The lactate/glucose ratio showed a similar trend to

that of lactate, with levels rising after intense exercise and remaining higher than baseline

even after exercise had stopped. The magnitude of the lactate/glucose ratio for cyclist
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3 is much lower than that for the other two cyclists and levels did not seem to change

much during exercise. Interestingly, after a longer recovery time than is represented here,

the ratio dramatically increased (see figure 7.15). As this was the only case in which the

recovery period was extended it is not possible to draw conclusions from this result, but

it suggests that this would be an interesting period to monitor for future studies.

7.3.4 Results: online biosensors

Dialysate was analysed online using two methodologies, as described in section 7.3.1. The

dialysate flowed through a microfluidic chip containing glucose and lactate biosensors and

then to the rsMD system, enabling comparison of the online biosensor results with that

of the gold-standard rsMD analysis system. As a result of technical problems, only two of

the three cyclists were monitored using both methodologies. A comparison of the results

obtained for the two methods is shown in this section.

Dialysate levels obtained simultaneously using rsMD and online biosensors during two

cycling protocols are shown in figures 7.17 and 7.18. The results have been time-aligned

for comparison.

The absolute concentrations obtained were slightly di↵erent for the two methods,

although levels were in fairly close agreement. One cause of variability between the two

analysis methods could be that the biosensors are more susceptible to movement. In

particular, when the cyclist got on and o↵ the bike, the sensors could have been knocked

and moved within the channel. This could have led to changes in the sensitivity of the

sensors and hence the calculated concentrations could be inaccurate. In addition to this,

these biosensors are flow rate dependent and are calibrated at 1 µl/min. However, if

the flow rate coming from the probe was less than this, possibly as a result of partially

occluded tubing or of pressure on the membrane inside the tissue, this could have led to

inaccurate interpretation of the results. The measured lag time generally di↵ers to that

calculated, therefore there may be a discrepancy between the specified and the actual flow

rates. For the rsMD assays, which are not flow dependent, because of the nature of the

flow injection system, this would result in an error in the lag time but not in the observed

current, which could lead to di↵erences between the two methods.

Despite the slight discrepancy in the absolute values obtained using the two methods,

the overall trends are in close agreement, with many of the main features evident in both

sets of data. Moreover, results obtained using the online biosensors showed better time

resolution as individual features were more resolved.
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Figure 7.17: Dialysate metabolite levels for cyclist 1 obtained by rsMD and online

biosensors. The light green and light red traces show dialysate lactate and glucose concentrations,

respectively, obtained using rsMD. The black trace shows the corresponding lactate/glucose ratio

obtained using the rsMD system. Data were obtained in real time, with a point every minute for

each metabolite. The dark green and burgundy traces show dialysate lactate and glucose concen-

trations, respectively, measured using online biosensors. The blue trace shows the corresponding

lactate/glucose ratio obtained using online biosensors. Data were obtained in real time and are

smoothed with a Savitsky-Golay 201-point filter. All data has been time-aligned for comparison.
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Figure 7.18: Dialysate metabolite levels for cyclist 3 obtained by rsMD and online

biosensors. The light green and light red traces show dialysate lactate and glucose concentrations,

respectively, obtained using rsMD. The black trace shows the corresponding lactate/glucose ratio

obtained using the rsMD system. Data were obtained in real time, with a point every minute for

each metabolite. The dark green and burgundy traces show dialysate lactate and glucose concen-

trations, respectively, measured using online biosensors. The blue trace shows the corresponding

lactate/glucose ratio obtained using online biosensors. Data were obtained in real time and are

smoothed with a Savitsky-Golay 201-point filter. All data has been time-aligned for comparison.

7.3.5 Conclusion

This chapter described a preliminary study to specify the characteristics necessary for

a wearable device to monitor cycling athletes. In conclusion, it was possible to detect

dialysate metabolite levels during the baseline resting phase and in response to increasing
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exercise intensity using a microdialysis flow rate of 1 µl/min. Online analysis proved much

more suitable for subcutaneous monitoring of glucose and lactate levels in real time as it

enabled events to be assigned as they happened.

This preliminary study has enabled a strict protocol to be defined for future monitoring

experiments in order to improve the quality of the data obtained. For instance, it is

important that during the initial resting period the cyclist remains still so that stable

baseline levels can be measured. In addition, the regular stops to take blood measurements

during exercise led to fluctuations in the data; therefore, blood measurements need to be

taken without interrupting the exercise. These results have also demonstrated the need

to extend the monitoring time after exercise has stopped as data observed in this time

may provide information about the fitness of the athlete and their ability to recover after

intense exercise.

Preliminary results with on-chip biosensors have shown that glucose biosensors and

polyurethane-coated lactate biosensors are able to detect glucose and lactate levels in

human dialysate samples. There were some discrepancies between the absolute values

measured by the online biosensors and the rsMD system but levels were similar and

general trends were in close agreement.

However, there are several limitations with the current monitoring system. The delay

between the changes occurring in the tissue and the analysis system was relatively long

as a result of the length of outlet tubing that was needed to reach the clinical trolley

holding the analysis system and the low flow rates used. Ideally the data needs to be

as close to real-time as possible; this delay could be substantially reduced if the analysis

system could be placed nearer to the outlet of the microdialysis probe. The soft PDMS

chip would be impractical as a wearable device as movement of the athlete during exer-

cise could result in repositioning of the biosensors inside the microfluidic channel, which

would make it necessary to re-calibrate the system. Moreover, biosensors are currently

positioned inside the channel using manual judgement, which can be very di�cult; it is

time-consuming as it involves trial-and-error, it could damage the biosensor and it re-

quires experience. Therefore, for a robust wearable device, the biosensors would need to

be easily and reproducibly secured in place inside the channel without leaks occurring.

The current method of connecting the probe outlet to the analysis system, as described

in section 7.3.1, was di�cult to do without piercing the tubing with the needle, especially

under time pressure. Therefore, the wearable device would need to be designed to incor-

porate an easy and reproducible connection to the microdialysis probe. In addition, the

measured lag time was not equal to that calculated, possibly due to a discrepancy in the

microdialysis flow rate. An additional benefit of a wearable system that can be placed

close to the probe outlet is that this should reduce the back pressure on the membrane,

if this is the cause of the discrepancy.
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Chapter 8

Athlete monitoring: a wireless

microfluidic device

This chapter follows on from chapter 7 and presents the development of a wearable mi-

crofluidic device that integrates with a commercial microdialysis probe and incorporates

glucose and lactate biosensors for online monitoring of tissue metabolites during cycling.

The requirements of the device design were informed by the preliminary studies discussed

in chapter 7.

8.1 Introduction

8.1.1 Wearable microfluidic device

Initial results from online monitoring of subcutaneous dialysate glucose and lactate levels

before, during and after exercise have shown that this methodology could provide impor-

tant information about an athlete’s performance during physical activity, and about their

ability to recover afterwards. However, the system presented in chapter 7 is large and im-

practical for this application; it can only be used if the athlete is stationary and, because

of its size, a long length of connection tubing has to be used to feed the dialysate into the

analysis system, leading to a delay in obtaining the data, as well as causing smearing of

the response as a result of Taylor dispersion. The delay between the microdialysis probe

and the analysis system can be greatly reduced if the analysis system is miniaturised and

developed into a wearable device, enabling closer to real-time measurement. This would

also make the system more practical and more versatile for sports monitoring.

The use of microfluidic devices combined with microdialysis has proved popular, as

they are able to reliably manipulate the small sample volumes produced during contin-

uous microdialysis sampling (284, 285). Microfluidic devices have conventionally been
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fabricated using rapid prototyping methods, such as soft lithography. PDMS-based mi-

crofluidic devices in particular have proved popular because of their ease of fabrication

and their ability to make an e↵ective seal. PDMS chips have been extensively used within

our group to house biosensors for online dialysate analysis (69, 286). In clinical use, the

PDMS-needle biosensor system is placed on a clinical trolley near the patient and re-

quires 1 m of connection tubing between the probe and the analysis system. At 1 µl/min,

this long connection tubing leads to a 26 minute lag time before analysis and a smeared

temporal response as a result of Taylor dispersion (101).

The needle-PDMS biosensor system involves manual positioning of the needle electrode

biosensor inside the PDMS chamber. This can be very di�cult; if the biosensor is placed

too near the bottom of the chip, no current response is observed, but, if the biosensor is

recessed, slow di↵usion of the analyte results in a long response time (286). Furthermore,

this system is not suitable for a wearable device as movement during exercise could lead to

repositioning of the biosensor in the microfluidic channel. These observations necessitate

the development of a robust device that can be placed close to the microdialysis probe

outlet and that incorporates biosensors as easily replaceable modules, reproducibly and

securely positioning them in the correct position inside the channel.

In recent years, the use of 3D printing for the fabrication of microfluidic devices has

proved popular (287, 288, 289, 290, 291) as it enables fabrication of a rigid and re-usable

microfluidic device in one step (292). A significant advantage of 3D printing is the di-

mensional control it o↵ers, enabling integration of the printed device with commercially

available components (287). Moreover, 3D printing enables a flexible, modular approach

to the design of the device, facilitating fabrication of a multi-component system. Each

part can be designed to meet exact requirements and design modifications can be made

in an iterative manner, allowing modifications to be made quickly and easily and for their

influence on the device performance to be evaluated (287, 292).

Erkal el al. recently described the fabrication of 3D printed microfluidic devices with

integrated electrodes that could be removed and re-used (287). The electrodes were housed

inside commercial flangeless fitting nuts, which could be threaded into microfabricated

receiving ports on the device.

On this basis, 3D printing is an ideal fabrication method for the development of

the microfluidic wearable platform, as it facilitates the design and the fabrication of a

custom microfluidic device that can be directly integrated with the outlet of a clinical

microdialysis probe. In addition, it allows modular incorporation of biosensors securely

and reproducibly inside the microfluidic channel, without the need for adhesives, allowing

them to be removed for repolishing and re-use.

This chapter describes the development of a 3D printed microfluidic device that com-

bines directly with a clinical microdialysis probe. The device incorporates removable
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needle type biosensors and can be used for continuous online monitoring of dialysate

metabolite levels.

8.1.2 Device requirements

On the basis of the initial experiments carried out in chapter 7, a clearer picture of the

requirements for a robust wearable device were obtained. These are listed below.

• Easy and reliable connection to commercially available microdialysis probe outlet

• Reproducible placement of biosensors in flow stream

• Biosensors held securely in place, without leaking

• Removable biosensors so that they can be repolished and re-used

• Fast response time of biosensors to concentration changes

• Easy connection to calibration board

A diagram summarising the requirements for our microfluidic device is shown in fig-

ure 8.1. Design and fabrication of the wearable microfluidic device was carried out in

collaboration with Dr Vincenzo F. Curto and Prof. Guang-Zhong Yang, and rendering

of the 3D designs in SolidWorks R� were made in collaboration with Mr Carlo A. Seneci.

Several 3D printed designs were tested before all device requirements were met. This

section will describe these designs in detail.
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MD probe

Microfluidic device housing glucose 
and lactate needle biosensors

Calibration board

Flow

Figure 8.1: Schematic of wearable microfluidic device. The microfluidic device will connect

to the outlet of the microdialysis (MD) probe and will hold a glucose and a lactate biosensor securely

in position inside the channel. It will also allow easy connection to the calibration board.

8.2 Design and fabrication of microfluidic device

Devices were designed using SolidWorks R� 2014, which creates parts as .STL files.

For this work, two di↵erent 3D printers were used for fabrication of the microfluidic

platform. The microfluidic chip was printed using an ULTRA R� 3SPTM 3D printer, which

has a resolution of 100 µm in the x- and y-axes and between 25-100 µm in the z-axis,

depending on the parameters set. However, in reality the printer resolution is determined

by the voxel dimension and the material used during fabrication. The ABS 3SPTM White

resist was used for fabrication of all versions of the microfluidic chip, as it allows printing

of components that are dimensionally and mechanically stable. However, as a result

of shrinkage during polymerisation, the dimensions observed were smaller than those

specified in the design of the microfluidic channel. It was determined that a tolerance of

about 100 µm should be factored in to the design of any components printed in this way.

The biosensor holders fabricated in design 1 of the microfluidic device were also printed

using ABS 3SPTM White resist and the ULTRA R� 3SPTM 3D printer. However, the

biosensor holders employed for designs 2-4 were printed using the Objet260 ConnexTM

3D printer. This printer was chosen in this case, because of its ability to simultaneously
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print both hard and soft plastics onto the same component. In this case, VeroWhitePlus

(RGD835) and TangoBlack (FLX973) were used for printing of the rigid and soft parts,

respectively.

8.3 Microfluidic device: design 1

Commercially available clinical microdialysis probes have a vial holder at the outlet, into

which a microvial can be connected for sample collection in conventional microdialysis, as

shown in figure 8.2. Our custom microfluidic device was based around this concept and

was designed so that the microfluidic chip would slot into the vial holder instead of the

microvial to allow easy connection to the microdialysis probe. In order to achieve this,

the microfluidic chip was designed and printed with an L-shape, the vertical arm of which

was designed to mimic the geometry of the microvial, to ensure a good fit with the probe

outlet holder, as shown in figure 8.3. The microfluidic inlet port was also designed so that

it could incorporate the rubber insert from the microvial to take advantage of this easy

and leak-free connection approach. The connection between the microfluidic chip and the

probe outlet worked very well, with no leaks occurring over hours of operation.

Flow 

Microvial in vial holder 

A B

a

b

c

Figure 8.2: Conventional setup of commercial microdialysis probe. A. A microvial is

inserted into the vial holder at the probe outlet to collect the dialysate sample. B. Schematic

showing the probe outlet holder (a), the rubber insert of the microvial (b) and the microvial (c).

A major challenge with the design of a rigid microfluidic device is the issue of incorpo-

rating and securing the biosensors in the correct position inside the microfluidic channel

without any leaks occurring. The horizontal arm of the microfluidic chip was used for
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integration of the biosensors. As it was necessary to integrate two separate needle biosen-

sors, one for glucose and the other for lactate sensing, into the microfluidic chip, two

round openings were printed onto the top wall of the microfluidic channel, creating a

compact device. In the initial design, attempts were made to integrate the biosensors

using commercially available fittings that could be tightened to secure the electrode in

place inside the microfluidic chip and to prevent leaks occurring (287). This method also

ensured that, because of the design of the microfluidic chip, the sensors could be held in

a fixed position, which was defined by the fitting.
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Figure 8.3: Schematic diagram of design 1 of microfluidic chip. Left shows 3D diagram

of microfluidic chip. Right (top) shows side view of microfluidic chip and Right (bottom) shows top

view of microfluidic chip with key dimensions of microfluidic channel and electrode chamber given

in mm.

LabSmith fitting holder

The needle electrodes were secured in place inside the microfluidic chip using 1/32” Lab-

Smith one-piece fittings (360 µm inner diameter (ID)), which successfully gripped the

electrode when tightened. The height of the channel inside the microfluidic chip was de-

signed such that, when tightened, the tip of the fitting would be positioned in the middle

of the channel. The needles were placed inside the fitting so that the tip was flush with

the end of the fitting and were held in place with parafilm, as shown in figure 8.4. The

dimensions were determined by the size of the fittings and as such were relatively large, as
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8.3 Microfluidic device: design 1

shown in figure 8.3. Therefore, two slightly wider chambers (1.2 mm) were incorporated

into the microfluidic channel at the two biosensor insertion locations to accommodate

the fittings while maintaining smaller dimensions for the rest of the channel (0.8 mm)

in order to reduce the overall volume of the device. The receiving ports, into which the

fittings would be inserted, were originally printed as hollow cylinders and the threads for

the fittings were made later using a thread taper (M2.5). Erkal et al. used commercially

available fittings to integrate electrodes into a 3D printed microfluidic device, in which

the threads were printed onto the receiving port. However, because of the small size of

our sensor, a 1/32” fitting was required and the threads were too small (2-56 UNC) to be

printed.

Figure 8.4: Needle electrode placed inside LabSmith one-piece fitting. The needle was

positioned so that the tip was flush with the end of the fitting. Parafilm stabilised the construct.

The electrode was polished until a satisfactory cyclic voltammogram (CV) was ob-

tained and then secured in place inside the fitting so that the needle tip was flush with

the end of the fitting. It was important to secure the fitting in place before carrying out any

further functionalisation of the electrode as the process of inserting the needle into the fit-

ting might otherwise have damaged the enzyme layer and the poly(m-phenylenediamine)

(mPD) film. Once the fitting was secured in place, the electrode was coated with the

mPD and enzyme layers, as described in section 2.5.3.2. The lactate biosensor was also

coated with a further polyurethane layer to extend its detection range. These biosensors

showed good calibration curves when tested in a stirred beaker (data not shown), proving

that it was possible to fabricate biosensors inside the fittings.

When flushing the microfluidic chip, liquid was initially found to leak around the

fittings, even when fully tightened. This occurred because the fitting did not grip the

electrode securely enough as it was not possible to incorporate a conical receiving port

into the microfluidic chip. This issue was addressed by wrapping polytetrafluoroethylene
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(PTFE) thread seal tape around the fittings and also around the needle before it was

inserted into the fitting. With repeated tightening and loosening, the parafilm stabilising

the construct was not su�cient to hold the fittings in place and they began to come loose

from the electrodes, so that the position of the electrode inside the channel was no longer

well defined.

Custom electrode holder

To overcome the issue of electrode movement, a custom electrode holder was designed

(figure 8.5). The fitting was still used to make a seal with the microfluidic chip but it

was held inside the holder to stabilise the construct. Using this design, the electrode was

threaded through the holder first and then through the fitting (same as previously), which

slotted into place inside the holder (figure 8.5B). The inside of the holder was designed

to have a hexagonal shape, as shown in figure 8.5C, mimicking the shape of the fitting,

so that it could be used to tighten the fitting inside the microfluidic chip.

A B

C

Figure 8.5: Design 1 of the microfluidic device with electrode holders. A. The fitting

was secured in place inside the electrode holder. B. The needle electrode was threaded through the

electrode holder and then through the fitting. The electrode secured inside the holder could then be

screwed into the microfluidic device. C. Left 3D representation of the holder into which the one-piece

fitting was secured. Right Bottom view of electrode holder to show the hexagonal shape that could

be used to tighten the one-piece fitting.

Grub screws were used to hold the fitting (with electrode) in place inside the holder
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8.4 Microfluidic device: design 2

so that the needle tip was flush with the end of the fitting, as shown in figure 8.5. The

counter electrode lead was threaded out through a hole in the side of the holder.

An initial test was carried out to check the response time of lactate and glucose biosen-

sors inside the microfluidic chip. This was carried out using a LabSmith calibration board,

as described in section 3.2.3. A vial holder was removed from the end of a microdialysis

probe and connected to a short piece of fluorinated ethylene propylene (FEP) tubing (2

cm) using a tubing adaptor. This in turn was connected to the outlet tubing of the cal-

ibration board using a union adaptor (LabSmith, US) to connect the two di↵erent size

tubings with minimal dead volume. This allowed the device to be reliably connected to

either a microdialysis probe or to the calibration board.

At 1 µl/min, the T90 response time of the lactate sensor, which was placed first in the

direction of flow, to a step change in concentration from 0 to 4 mM was 664 ± 3 s (n=3),

and that of the glucose sensor, which was placed after the lactate sensor, was 761 ± 17

s (n=3). This response time proved far too long for this application and was attributed

to the relatively large internal volume of the microfluidic chip, leading to smearing of

the concentration step change, as described in the following section 8.6. In this design,

the channel height was determined based on the dimensions of the fitting in order to

keep the fitting and therefore the sensor in the middle of the channel. Therefore, it was

not possible to reduce the channel size any further using this fitting. In addition, this

approach did not provide a satisfactory seal with the microfluidic chip, causing leaks to

occur. For later versions of the microfluidic device, custom-made electrode holders were

designed and fabricated, which allowed the electrode to be secured in place inside the

microfluidic channel without the need for the fitting.

8.4 Microfluidic device: design 2

The use of 3D printing to design and fabricate the device enabled it to be made using a

modular approach, consisting of separate parts integrated together. Using this method,

each part of the device could be designed to meet its own individual requirements. The

means of connecting the microfluidic chip to the microdialysis probe remained the same

for the second design, as this worked well and provided an easy and leak-free connection

between the two. However, the design for the electrode holders needed to be adapted in

order to reduce the internal volume of the device and to provide a better seal between

the electrode holder and the microfluidic chip.

The electrode holders were designed so that the needle tip protruded from the end

and the needle was secured in place using two grub screws. The needle position inside

the holder could be varied depending on the length of the needle, which can change after

repeated polishing of the electrode. This ensured that the needle tip was at a fixed distance
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from the end of the electrode holder and at a fixed height inside the microfluidic channel.

The design of the microfluidic chip was also adapted so that the holder and therefore

the biosensor could be guided into position; two pegs on the sides of the electrode holder

threaded into helical guiding slots on the top wall of the microfluidic chip and locked into

place, precisely positioning the needle tip inside the channel. Details of the microfluidic

chip design are shown in figure 8.6. Integration of the biosensors into the microfluidic

chip using this approach ensured that the overall packaging of the microfluidic device was

compact, but it limited the minimum width of the microfluidic channel, as it had to fit

the 27 G needle (outer diameter (OD) = ca. 413 µm) biosensors.
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Figure 8.6: Schematic diagram of design 2 of microfluidic chip. Left shows 3D diagram

of microfluidic chip. Right (top) shows side view of microfluidic chip and Right (bottom) shows top

view of microfluidic chip, with key dimensions of microfluidic channel given in mm.

The holder was printed using an Objet260 ConnexTM 3D printer, capable of printing

both hard and soft plastic on the same component. This enabled the base of the holder

to be printed using a soft, compressible plastic, providing a good seal between the holder

and the microfluidic chip and preventing potential leaks. In this case VeroWhitePlus

(RGD835) and TangoBlack (FLX973) were used for printing of the rigid and soft parts,

respectively. As shown in figure 8.7, the soft part of the electrode holder had a truncated

cone shape (OD= 6.2 mm and H=1.3 mm) in order to guarantee a good seal between the

electrode holder and the microfluidic chip. Initially, a cylindrical shaped soft part was

tested. However, this led to incorrect positioning of the needle biosensor, as the soft part

expanded radially in the x-y direction when compressed.
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Figure 8.7: Detailed schematic of needle holder. The needle holder has a soft, compressible

plastic at the tip, which can form a seal with the microfluidic chip. Pegs at the side of the holder are

used to guide the holder and therefore the electrode into place inside the microfluidic channel. The

needle electrode was placed inside the holder and two grub screws (M2.5) were tightened to fix the

electrode in place. A slot was added to the side so that the counter electrode wire could be threaded

through. All measurements given are in mm.

Using this methodology, many holders could be printed in one run of the 3D printer

and kept as spares, and each holder could be used multiple times. However, it was found

that, after repeated use, the soft plastic no longer formed a good seal with the microfluidic

chip, causing leaks to occur. A picture of the needle holder and the microfluidic chip is

shown in figure 8.8.

In order to allow precise positioning of the needle electrode inside the channel, an

additional cross-sectional cut-out of the microfluidic chip was printed (figure 8.9). Using

this cut-out, it was possible to visualise the electrode inside the channel under a micro-

scope, enabling the sensors to be precisely secured inside the holders so that the tip of

the biosensor was at the correct height inside the microfluidic channel.

Once a satisfactory CV was achieved, the electrode was placed inside the holder so

that the needle protruded as far out as possible. The electrodes were then functionalised

by coating with an mPD film and an enzyme layer, as described in section 2.5.3.2. The

lactate biosensor was also coated with a further polyurethane layer to extend its detection

range. The sensors were then precisely positioned inside the holders under a microscope,

using the cross-sectional cut-out to determine the appropriate distance from the end of the

holder that would set the tip of the biosensor at the desired height inside the channel. The
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Figure 8.8: Design 2 of the microfluidic chip with electrode holders. A. The microfluidic

chip was adapted so that the new electrode holders could be guided and locked into place. B. The

needle electrodes were secured in position inside the electrode holders so that the tip protruded a

fixed distance. Two holders could be screwed into the microfluidic chip.

sensors were secured in place inside the holder. As the soft plastic is compressed when the

holder is locked into place this is the most accurate method of positioning the electrode

inside the channel; it would not be su�cient just to fix the electrode a set distance from

the end of the holder each time, as the position of the electrode inside the channel would

be altered depending on the compressibility of the soft plastic.

For this design, the T90 response time of a lactate sensor to a step change from 2 to

0 mM at 1 µl/min was measured with the electrode positioned both in the middle of the

channel and also near the bottom to investigate the best position for the sensor inside the

channel. When the sensor was in the middle of the channel, the T90 response time was 254

± 8.7 s (n=3). When the sensor was at the bottom of the channel the T90 response time

was much shorter at 175 ± 4.9 s (n=2). This shorter response time can be attributed to a

higher linear flow rate past the electrode (figure 8.9C). Approximate calculations indicate

an additional 11% occlusion of the cross-sectional area between an electrode positioned

halfway and one positioned two-thirds of the way down the channel (figure 8.9C). On the

basis of this result, the channel dimensions were re-designed to reduce the channel height

and therefore to reduce the response time.
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Figure 8.9: Cross-sectional cut-out of the microfluidic chip. For electrode positioning inside

the microfluidic channel. A. The electrode holder, containing the needle biosensor, can be inserted

into the cut-out part, as with the microfluidic chip. The needle position inside the channel can be

visualised under a microscope so that the needle position can be adjusted and secured in place once

the desired height has been achieved. B. Close-up image of the circled region in A. Shows the needle

biosensor positioned in the middle of the channel. Direction of flow is perpendicular to the page.

C. Schematic representation of the needle position inside the channel, (i) halfway down and (ii)

two-thirds down from the top. Not drawn to scale.

8.5 Microfluidic device: design 3

The use of 3D printing for device fabrication allowed design changes to be made and

implemented quickly, enabling the device to be adapted iteratively, until optimal features

were obtained. In design 3, the following alterations were made:

• The nominal channel height was reduced from 750 µm to 550 µm to reduce the

response time of the biosensors.

• The internal volume was reduced by cutting o↵ the right angle (figure 8.10) and

directly joining the two arms of the device and by reducing the length of the probe

connection arm.
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Figure 8.10: Schematic diagram of design 3 of microfluidic chip. Left shows 3D diagram

of microfluidic chip. Right (top) shows side view of microfluidic chip and Right (bottom) shows top

view of microfluidic chip, with key dimensions of microfluidic channel given in mm.

However, because of the shortened inlet structure on this design, the microfluidic chip

no longer fit well inside the probe outlet holder, which meant that the needle was not able

to fully pierce the rubber inlet, causing a build up of pressure and the probe membrane to

leak. This problem could be overcome by modifying the outer shape of the inlet structure

so that it could fit fully inside the probe outlet holder.

Using this microfluidic chip with the calibration board, the T90 response time of a

lactate sensor to a step change from 0 to 2 mM at 1 µl/min with the sensor positioned

near the bottom of the channel was 228 ± 12 s (n=3). Despite the reduced internal

volume, this response time was actually slightly longer than for the previous design, but,

this could be due to this lactate sensor being slower to respond to the concentration

changes than the previous sensor.

In order to determine the optimal position of the sensor inside the channel, the position

of both sensors was varied together. The T90 response time and change in current for

a step change from 0 to 4 mM glucose and lactate was measured for comparison. The

results are shown in table 8.1.

For the lactate biosensor, the T90 response decreased as the electrode was positioned

further down the channel, occluding the channel more, as expected. The current observed

for the lactate biosensor when it was positioned in the middle or at the bottom of the

channel was the same, suggesting that, to a certain extent, the biosensor was not a↵ected
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Table 8.1: E↵ect of electrode position on biosensor response time (n=2). Fraction indicates the

position of the electrode in the channel from the top.

Glucose Lactate

Position T90 (s) Current (nA) T90 (s) Current (nA)

Bottom (3/4) 298 ± 3.5 0.80 ± 0.03 188 ± 7.1 0.96 ± 0.21

Middle (1/2) 266 ± 1.8 0.30 ± 0.01 171 ± 5.3 0.97 ± 0.03

Top (1/4) 283 ± 3.9 0.38 ± 0.03 226 ± 10.8 0.38 ± 0.06

by di↵erences in flow, possibly as a result of the polyurethane outer film. However, the

current was lower when the biosensor was positioned at the top of the channel, where

linear flow rate would have been lowest. By contrast, the glucose biosensor showed more

variability with electrode position, although it is not clear why.

These results indicate that the position of the electrode inside the channel has a

huge impact on the sensor response. For uncoated biosensors, the results suggest that

electrode positioning has a considerable e↵ect on the observed response, but that near

the bottom of the channel is optimal. For a polyurethane-coated biosensor, as long as the

electrode is positioned past the middle of the channel then it appears to be invariant to

flow. However, response time suggests the middle is preferable. The flow invariance of the

polyurethane-coated biosensor presents a strong argument for its addition to both glucose

and lactate biosensors, as it is di�cult to accurately position the electrode and, without

a polyurethane coating, the position seems to become critically important. As shown

in section 3.4, the addition of the polyurethane layer results in a decrease in sensitivity

compared with uncoated biosensors. However, the sensors were sensitive enough for this

application (figure 8.14) and hence were implemented for all further designs.

8.6 E↵ect of channel size on biosensor response

The results from design 3 of the microfluidic chip showed that the response time was still

relatively long. In order to investigate the e↵ect of the microfluidic channel dimensions on

the response time of the sensors, three di↵erent sizes of microfluidic channels were tested.

These microfluidic channels had di↵erent height and width dimensions, which were: (1)

520 x 520 µm, (2) 750 x 550 µm and (3) 1000 x 550 µm (W x H). Allowing for shrinking

of the material during the printing process, channel 1 was designed to include two slightly

wider microfluidic chambers at the two needle biosensor insertion locations, as shown in

figure 8.12, in order to prevent issues with biosensor placement. Smaller channels were

also attempted but these were found to be blocked when tested.

Figure 8.11 shows the normalised current response for a glucose biosensor to a step

change from 0 to 4 mM at 1 µl/min for the di↵erent channel dimensions. In each case,
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the sensor was positioned in the middle of the channel. In reality, the channel dimensions

were smaller than those specified in the design, as shrinking occurs during the printing

process. Therefore, cross-sections of each channel were measured using a microscope to

determine the actual dimensions of the channels. The measured dimensions are given in

the table in figure 8.11.
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1
2
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Height (µm) Width (µm)
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Figure 8.11: Comparison of concentration step change in di↵erent size channels. Nor-

malised current response of a polyurethane-coated glucose biosensor placed in the middle of each

channel to a concentration change from 0 to 4 mM at 1 µl/min in three di↵erent microfluidic channels.

The actual channel sizes are shown in the table inset (n=3).

The T90 responses of glucose and lactate biosensors for each microfluidic channel are

summarised in table 8.2.

Table 8.2: E↵ect of channel dimensions on T90 response of polyurethane-coated glucose and lactate

biosensors in the microfluidic channel (glucose n=3, lactate n=2).

Glucose Lactate

Channel T90 (s) T90 (s)

1 208 ± 0.28 194 ± 15

2 267 ± 0.30 227 ± 7.0

3 398 ± 0.35 286 ± 6.9

Laminar flow inside the connection tubing and the microfluidic channel leads to a

smearing of the concentration change as a result of Taylor dispersion (101), as described in
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section 1.5.4. As figure 8.11 demonstrates, the response time of the sensor to a step change

in concentration is reduced by decreasing the channel size. The fastest response time was

observed in channel 1 (520 x 520 µm). In addition, as previously shown, variability

in current was observed with di↵erent channel sizes because of variation in the linear

flow rate. However, there was no clear trend as these experiments were challenging to

control because of the roughness of the walls and the di�culty in precisely positioning

the biosensor reproducibly.

8.7 Microfluidic device: design 4

Taking all the design improvements from designs 1-3 into account, a final device was

designed and fabricated. The fastest response time was observed in the 520 x 520 µm

channel, therefore these dimensions were chosen for the final device. It was also necessary

to remove the curved channel and to change to a right-angle design, as the curve would

not be smooth at this resolution. In this design, the outer shape of the inlet structure was

modified so that the shorter structure could fit inside the vial holder, as this had been an

issue in the previous version of the microfluidic chip. 3D drawings of the design with key

dimensions are shown in figure 8.12 and a detailed schematic of the final design of the

microfluidic chip is shown in figure 8.13.
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Figure 8.12: Schematic drawings of design 4 of microfluidic chip. Left shows side view

of microfluidic chip. Right (top) shows close-up of the microfluidic chamber into which the needle

biosensor is inserted and Right (bottom) shows top view of microfluidic chip. Key dimensions of

microfluidic channel given in mm.
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a
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Figure 8.13: Schematic representation of modular microfluidic device. The microfluidic

device connects into the vial holder (a) at the probe outlet using the rubber insert (b) from a

microvial. The microfluidic chip (c) houses two needle biosensors (d), each of which are fixed in

place inside a needle holder (e) that slots into the microfluidic chip, creating a seal.

On the basis of the specified dimensions, the internal volume up to the first biosensor

was approximately 2.70 μl and on the basis of the measured dimensions, it was approxi-

mately 1.91 μl.

In order to verify that this system was capable of detecting physiologically relevant

concentrations of glucose and lactate levels in the dialysate, the system was calibrated

online at 1 μl/min from 0 to 10 mM. Figure 8.14A shows the typical current response

of a polyurethane-coated lactate sensor to changes in lactate concentration when it is

placed in the middle of the microfluidic channel. In figure 8.14B, the results for a glucose

and lactate biosensor were fitted with the Michaelis-Menten equation and the enzyme

parameters are shown in table 8.3. These data demonstrate that the biosensing system

has good sensitivity to glucose and lactate, with increasing levels of substrate resulting

in clear current changes. Moreover, the biosensors show a good dynamic range that is

suitable for physiological monitoring.
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Figure 8.14: Typical biosensor calibration curves in the microfluidic device. A. Raw data

for a typical 5-point lactate calibration from 0 to 4 mM; steps are 0, 1, 2, 3 and 4 mM. B. Typical

calibration curves for 50 μm polyurethane-coated glucose and lactate biosensors in the microfluidic

device at 1 μl/min. Mean ± standard deviation of measurement shown. Points fitted with the

Michaelis-Menten equation.

Table 8.3: Biosensors characteristics at 1 μl/min inside microfluidic channel (n=6).

Vmax (nA) Km (mM)

Glucose 4.40 ± 0.14 23.9 ± 1.01

Lactate 1.63 ± 0.03 6.12 ± 0.26
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It was important to compare the new microfluidic analysis platform with that of the

previous rapid sampling microdialysis (rsMD) ‘gold-standard’ system to assess di↵erences

in the lag time and the time resolution of the two methods. In order to do this, two

expired CMA 70 brain microdialysis probes were placed in a well-stirred beaker of T1

solution and subjected to changes in beaker lactate and glucose concentrations. The mi-

crodialysis probes were perfused at 1 µl/min with CMA 107 microdialysis syringe pumps

and aliquots of 0.5 M glucose and lactate standard were added to the beaker to increase

the concentration. The outlet of one microdialysis probe was connected directly to the

microfluidic device. The outlet of the second microdialysis probe was extended using 1 m

of low-volume FEP tubing, as in previous in vivo experiments, and connected to the flow

injection valve of the rsMD analysis system. In both analysis systems, Taylor dispersion

causes smearing of the step changes, as shown in figure 8.15.

Comparison of the response time of the two systems indicates that the smearing e↵ect

is greater for the rsMD system than for the microfluidic biosensing system as a result of

the long connection tubing necessary to reach the clinical trolley. In addition to comparing

the temporal resolution, it was necessary to consider the lag time for the two systems.

This lag time is the delay between the changes occurring at the probe membrane and the

biosensing system. For the rsMD system, at 1 µl/min the total delay was found to be

24.0 ± 1.21 minutes (n=2), of which approximately 11 minutes were due to the outlet

tubing of the microdialysis probe, as opposed to the extension tubing. For the microfluidic

device, also at 1 µl/min, the total delay for the lactate biosensor, which was placed first

in the direction of flow, was found to be 14.6 ± 0.68 minutes (n=3), and for the glucose

biosensor, which was placed second in the direction of flow, was found to be 16.8 ± 0.66

minutes (n=3). However, in this case, the major cause of this delay was the outlet tubing

of the microdialysis probe, which contributed approximately 11 minutes of the total delay;

custom-order microdialysis probes could be purchased with a shorter probe outlet, which

would reduce the delay further still.

The two biosensors were positioned consecutively in the flow stream, hence the 2.2

minute delay between the response of the two sensors to a dialysate concentration change.

This is compared to a predicted delay of 2.28 minutes at 1 µl/min based on an estimation

of the volume between the two sensors (separation distance: 12 mm; measured channel

dimensions: 375 x 508 µm).

These results demonstrate that the microfluidic device o↵ers a considerable improve-

ment in the lag time compared with the previous analysis system, as the ability to connect

the microfluidic chip directly to the microdialysis probe removes the need for long con-

nection tubing.
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Figure 8.15: Response of rsMD compared with microfluidic device. Comparison of rsMD

response and biosensor response in microfluidic analysis system to a step change in dialysate concen-

tration. Microdialysis probes were perfused at 1 µl/min in a vigorously stirred beaker of T1 solution.

The concentration was changed by adding aliquots of glucose/lactate standard to the beaker. The

normalised response is plotted for A. glucose and B. lactate. The lag time between the probe and

the beaker di↵ered between the two analysis systems; for comparison purposes, they have been

time-aligned here.

In conclusion, the microfluidic analysis system greatly reduces the time delay in detect-

ing changes occurring in the tissue, as the long connection tubing is no longer necessary.

This in turn also reduces the e↵ect of Taylor dispersion on the signal, leading to less

smearing of the sensor response and improved signal resolution.
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8.8 Cycling trials with wearable device

Once the microfluidic device had been validated in vitro, a proof-of-concept study was

carried out using the 3D printed microfluidic chip, housing glucose and lactate needle

biosensors, as a wearable device for online measurement of subcutaneous metabolite levels

during cycling training. Data will be presented from two cyclists.

8.8.1 Microdialysis procedure

The same procedure was used for insertion of the microdialysis probe as described for

previous cycling trials. In brief, an anaesthetic cream (EMLA, APP Pharmaceuticals)

was applied to the skin of the lower back 45 minutes prior to probe insertion. An ice

pack was also placed on the skin 5 minutes before probe insertion to further numb the

area, after which a sterile microdialysis probe (CMA 63, 10 mm membrane length, 20

kDa molecular weight cut-o↵) was inserted subcutaneously, using the tunnelling needle

and introducer supplied, and was secured in place with 3MTM single-coated conformable

incise medical tape. All procedures were approved by the local ethics committee and

microdialysis probes were implanted by a qualified clinician. The probe was perfused with

sterile T1 perfusion solution (MDialysis, Sweden) at 1 µl/min using a portable syringe

pump (CMA 107, MDialysis, Sweden) prior to insertion. A luer-lock extension set (150

cm, 0.4 ml internal volume, Alaris Medical Systems, UK) was used to extend the inlet

tubing of the probe so that the pump could be placed away from the exercise bike. In

the final design of the microfluidic device, the pump would either be incorporated into a

pocket in the cyclist’s clothing or in a pouch worn around the waist.

8.8.2 Online analysis using wearable device

Once it was confirmed that solution was successfully flowing out of the probe, the mi-

crofluidic analysis system was connected to the probe outlet holder and secured to the

lower back, as shown in figure 8.16. The dialysate flowed into the microfluidic device,

which housed 50 µm glucose and lactate disc electrode hydrogel biosensors. The solution

passed the lactate biosensor first, followed by the glucose biosensor. Both glucose and

lactate biosensors were coated with polyurethane in order to protect against any flow

variations that could occur, a↵ecting mass transport conditions; for the lactate biosensor,

this also extended the dynamic range.

For these trials, the biosensors were controlled by an in-house wireless two-channel

potentiostat (briefly described in section 2.5.5), designed and fabricated by Mr Chu Wang,

which were housed in a saddlebag on the exercise bike. The potentiostat used is fairly large

(10.5 x 6.0 x 5.0 cm LxWxH) compared with the microfluidic device and is not yet small
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enough to be integrated into a fully wearable system. However, the wireless potentiostat

was used here as a proof of concept for the final miniaturised device. Additionally, the

wireless link replaced the electrical isolation barrier usually provided by a >0.5 m length

of microdialysis outlet tubing.

Biosensors 

in holders

Microfluidic

chip

MD probe

2-channel wireless

potentiostat

Microfluidic chip

& biosensors

MD probe

Potentiostat 

Bluetooth

receiver

A B

C

Figure 8.16: Wearable microfluidic device with wireless potentiostats during cycling

protocol. A. Photograph of microfluidic device worn by cyclist during exercise. The biosensors

were connected to wireless potentiostats, which were house in a saddlebag attached to the bike. B.

The dialysate flowed into the microfluidic chip, housing the glucose and lactate biosensors, which

was worn during cycling. C. The potentiostat linked wirelessly with the receiver module.

8.8.3 Monitoring protocol

The protocol that was optimised in the previous chapter was used for this proof-of-concept

study. Briefly, baseline dialysate glucose and lactate levels were measured following probe

insertion prior to exercise. Levels after probe implantation were variable as a result of the

trauma of insertion. Typically, tissue stabilisation following probe insertion occurs after

12 minutes (99), therefore, baseline levels were monitored for at least 30 minutes following

probe implantation to allow sufficient time to obtain a stable level. The exercise phase

consisted of three levels of increasing intensity, followed by a short sprint and a period of

warming down. Finally, dialysate glucose and lactate levels were monitored during the

recovery period following exercise. As previously described, a heart rate monitor chest
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belt (SuuntoTM, Finland), which wirelessly links with the exercise bike, was worn and data

from the bike (Wattbike, UK), such as heart rate and rotations per minute (rpm), were

recorded. In addition, blood levels of glucose and lactate were measured at specific time

points throughout the protocol for comparison with tissue levels (time points indicated

in figure 8.19).

8.8.4 Results

Results obtained from two cyclists monitored using the miniaturised microfluidic analysis

system coupled to wireless potentiostats will be discussed in this section.

Cyclist 1

Subcutaneous dialysate glucose and lactate levels are presented in figure 8.17A for cyclist

1. The metabolite levels during the exercise phase are shown in more detail in figure 8.17B

together with data recorded from the exercise bike showing heart rate and rpm, to quantify

the exercise intensity. The lactate/glucose ratio was also calculated to guard against

possible changes in probe recovery, as in previous cycling studies this was found to be a

more sensitive marker of tissue changes than either metabolite alone.

In this case, the glucose and lactate levels in the baseline period were particularly

noisy, even after filtering. This was due to the fact that, for the initial period, the battery

was going flat. Once it had been replaced the noise was greatly reduced. Use of the

lactate/glucose ratio is particularly useful at this point, as the noise is cancelled out to a

certain degree and therefore levels are clearer. At the start of exercise (sections i and ii)

the heart rate data were variable as there was insu�cient sweat to ensure good contact

between the skin and the electrodes.

Figure 8.17: Dialysate metabolite levels during the cycling protocol for cyclist 1. A.

Over the whole protocol. B. During the exercise phase. The green trace shows dialysate lactate

concentrations, the red trace shows dialysate glucose concentrations and the black trace shows the

corresponding lactate/glucose ratio, measured using online biosensors in the microfluidic device.

Data were obtained in real time and are smoothed with a Savitsky-Golay 401-point filter (to filter

out noise). Data are time-aligned. Dotted lines indicate the stages of varying intensity during the

protocol: i. 85 rpm, ii. 90 rpm, iii. 95 rpm, iv. sprint, v. 75 rpm.
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Baseline dialysate glucose and lactate levels were 6.02 ± 1.08 mM and 1.81 ± 0.33

mM, respectively (mean ± standard deviation over 30 second time period) prior to com-

mencing exercise. Subcutaneous dialysate glucose levels decreased with increasing cycling

intensity and continued to decrease even after 50 minutes of resting. By contrast, sub-

cutaneous lactate levels initially increased when exercise commenced but remained fairly

stable for the first two stages of the cycling protocol. By the third stage of the exercise

regime, local lactate levels began to increase, peaking immediately after the sprint and

gradually decreasing once cycling had stopped. After 50 minutes of resting, subcutaneous

dialysate glucose and lactate levels were 1.84 ± 0.05 mM and 1.67 ± 0.03 mM, respec-

tively. The lactate/glucose ratio increased when cycling commenced and rose more steeply

with increasing exercise intensity. The lactate/glucose ratio continued to increase even

after exercise had stopped and gradually began to decrease during the recovery phase.

Cyclist 2

Subcutaneous glucose and lactate levels for the second cyclist over the whole protocol are

shown in figure 8.18A, and in more detail during the exercise phase in figure 8.18B. Spikes

in the data were caused by biosensor leads becoming briefly disconnected during vigorous

exercise. As a result, the lactate/glucose ratios at these points are inaccurate.

Figure 8.18: Dialysate metabolite levels during the cycling protocol for cyclist 2. A.

Over the whole protocol. B. During the exercise phase. The green trace shows dialysate lactate

concentrations, the red trace shows dialysate glucose concentrations and the black trace shows the

corresponding lactate/glucose ratio, measured using online biosensors in the microfluidic device.

Data were obtained in real time and are smoothed with a Savitsky-Golay 201-point filter. Data are

time-aligned. Dotted lines indicate the stages of varying intensity during the protocol: i. 55 rpm, ii.

65 rpm, iii. 75 rpm, iv. sprint, v. 55 rpm.
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Prior to starting exercise, baseline dialysate glucose and lactate levels were 2.67 ±
0.02 mM and 0.52 ± 0.001 mM, respectively (mean ± standard deviation over 30-second

time period). Subcutaneous glucose levels decreased in an almost stepwise manner with

increasing exercise intensity. Local glucose levels were driven down further still, even after

50 minutes of resting. At this stage, glucose levels appeared to stabilise but at a level that

was considerably lower than baseline. By contrast, subcutaneous lactate levels increased

when exercise began and rose more steeply with increasing exercise intensity, peaking

immediately after the sprint. Dialysate lactate levels remained high for about half an hour

in the post-exercise period and then gradually decreased. In contrast to the previous case

study, in which lactate levels began to drop relatively quickly after cycling had stopped, in

this case lactate levels took longer to decrease. The lactate/glucose ratio increased when

cycling began and rose more steeply with increasing exercise intensity. Interestingly, the

lactate/glucose ratio continued to increase considerably, even after exercise had stopped,

for much longer than with the previous case. After 50 minutes of resting, dialysate glucose

and lactate levels were 0.39 ± 0.002 mM and 0.67 ± 0.005 mM, respectively. As discussed

in the previous chapter with cyclists monitored using the rsMD analysis system, the length

of time required for levels to decrease following exercise could serve as a marker of fitness

level and could suggest that cyclist 1 was better able to recover after intense exercise

than cyclist 2. In the baseline period in particular, the lactate/glucose ratio successfully

removed variations that were present in both metabolites, giving a much clearer indication

of real changes occurring in the tissue.

Overall summary

An overview of the dialysate glucose and lactate levels and the lactate/glucose ratio at

the main stages of the cycling protocol for the two cyclists is shown in figure 8.19. Levels

are also compared with blood readings that were taken simultaneously.

The overall trends in tissue glucose and lactate levels are similar for the two cyclists,

although the absolute concentrations appear to be quite di↵erent. This variability could

be due to a number of factors such as di↵erences between the individuals, di↵erences

in probe recovery or variations in the probe placement. Di↵erences caused by probe

recovery are removed by considering the lactate/glucose ratio, allowing for a clearer com-

parison between the two cyclists. Despite this, there are still marked di↵erences in the

lactate/glucose ratio trend between the two cyclists.

Although both cyclists showed the same overall trends during increasing exercise inten-

sity, with the lactate/glucose ratio increasing throughout, there was a noticeable di↵erence

in the post-exercise recovery phase. For cyclist 2, the lactate/glucose ratio continued to

increase significantly, even after 50 minutes of resting, whereas for cyclist 1, the ratio had

begun to decrease at this stage, although it was still significantly higher than baseline.
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These local di↵erences in the trends in metabolite levels could give some indication of the

fitness of the cyclist and of their ability to recover following intense exercise.

Trends in glucose did not correlate between tissue and blood in either case, although

trends in tissue lactate correlated fairly closely with blood lactate trends. The trend in

the lactate/glucose ratio followed that of the blood, with the ratio increasing as exercise

intensity increased. However, the trends di↵ered after the point of maximum exertion;

at this point the blood lactate/glucose ratio decreased and in both cases had returned

to baseline levels by the end of monitoring. By contrast, the tissue lactate/glucose ratio

continued to increase in the case of cyclist 2 even after 50 minutes of resting and had

only slightly decreased after 50 minutes of resting in the case of cyclist 1, suggesting

that the tissue had not fully recovered despite blood levels having returned to normal.

These results demonstrate the potential merit of measuring tissue metabolic changes as

an alternative to blood for elite athlete performance monitoring.

8.9 Conclusion

In conclusion, a viable wearable microfluidic device that can be combined directly with a

commercial microdialysis probe has been successfully engineered. The system incorporates

biosensors that are easily and reproducibly positioned inside the channel and that can be

removed, repolished and re-used.

3D printing provides a powerful tool to progress from a concept, through optimisation,

to the final device. Moreover, this fabrication method provides the dimensional control to

design a system that can be integrated with commercial components, providing the ability

to make a connection to the microdialysis probe without connection tubing or adaptors,

which are usually necessary.

However, in addition to the many advantages associated with fabrication using 3D

printing there are also many challenges. As shrinkage occurs during the printing process,

the device dimensions do not match those specified in the design. The discrepancy between

the measured and specified dimensions was found to be more than the quoted precision of

the printer. Moreover, the channel roughness can lead to irreproducibility in the sensor

responses. This e↵ect is greater as the channel dimensions are reduced.

In a proof-of-concept study, the microfluidic platform was used as a wearable device

for subcutaneous monitoring of dialysate glucose and lactate levels in cyclists during

exercise. The system was capable of resolving the metabolic changes occurring during

exercise. Furthermore, the miniaturised device could have potential in other microdialysis

applications, such as bedside monitoring, which could reduce the long lag times that are

associated with the long connection tubing usually necessary.
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Chapter 9

Conclusions and future work

9.1 Overview

The aim of this thesis was to develop and to implement online biosensing systems for

real-time monitoring of tissue metabolism using microdialysis as a tissue sampling tech-

nique. In chapters 2 and 3, a number of new and generally applicable methodologies were

developed in the course of this challenging research. These include:

• Autocalibration

An autocalibration system was developed based on commercially available pro-

grammable syringe pumps and valves. The system was used with rapid sampling

microdialysis (rsMD) and online biosensors to automatically carry out regular cali-

brations. This is essential during long periods of monitoring, as it allows meaningful

interpretaion of results obtained.

• New conventional biosensors

Glucose and lactate hydrogel biosensors were developed using a combined needle

electrode. In order to extend their dynamic range, optimisation of a protocol for

coating the biosensor with a di↵usion-limiting polyurethane film was carried out.

This coating also resulted in a decrease in sensitivity and an increase in the response

time of the sensor, therefore a compromise between these factors and extension of

the dynamic range was necessary.

• Distributed biosensors

An alternative biosensing system was developed, which employed automated mi-

crofluidic syringe pumps and valves to manipulate calibration and dialysate streams

and to dose enzyme into the flow stream. The enzyme reacted with the substrate

in flow and the reaction product, hydrogen peroxide, was detected at a downstream
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poly(phenol)-coated 50 µm platinum disc electrode housed in a PDMS chip. The

system was demonstrated in detail for detection of glucose and lactate. Proof-of-

concept detection of ATP and pyruvate was also demonstrated using this technique.

• Storage tubes for microdialysis

A method of collecting dialysate in lengths of storage tubing for delayed analysis

while retaining temporal resolution was developed. This method was validated and

showed good agreement with online results. The sample tubes were found to be

stable during long-term storage at -80�C.

This collection of technologies was then refined for use in a number of tissue monitoring

challenges. These included:

• Porcine kidneys during cold preservation and ischaemic rewarming (in

chapter 4)

An online system for simultaneous monitoring of lactate levels in two transplant

kidneys has been developed. Microdialysis was used to sample the cortical tissue

and was coupled to the rsMD analysis system that was reconfigured for this applica-

tion. In order to monitor two regions of each kidney simultaneously, dialysate from

a second microdialysis probe placed in the renal medulla was collected into lengths

of storage tubing for delayed analysis. Porcine kidneys were monitored during either

24 hours of static cold storage (SCS) or 10 hours of hypothermic machine perfusion

(HMP) and 2 hours of subsequent passive warming to ambient temperature. Sig-

nificant di↵erences in the cortical lactate profiles were identified for kidneys stored

using the two clinical preservation groups, both during preservation and warming.

Cortical lactate levels were significantly higher for HMP stored kidneys after 10

hours of warming, and these kidneys showed a significantly larger increase in lac-

tate levels on warming. Analysis of the renal e✏uent during HMP points towards

re-establishment of complex glucose-lactate recycling within the kidney upon per-

fusion as the cause of these di↵erences.

• Human kidneys and pancreases (in chapter 5)

This analysis methodology was extended to monitor discarded human kidneys, as

well as both porcine and human pancreases during preservation. In addition, the sys-

tem was developed to allow measurement of glucose as well as lactate both through

delayed analysis using the conventional rsMD setup or through the use of glucose

biosensors. RsMD was used to monitor paired kidneys subjected to di↵erent lengths

of cold ischaemia time (CIT) to attempt to compare organs of di↵erent health. The

kidney subjected to a shorter CIT, and that was presumably more healthy, displayed
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higher dialysate lactate levels during preservation and a larger increase in lactate

during reperfusion. The e↵ect of treatment of porcine and human kidneys with a

novel protein, thought to prevent thrombosis upon reperfusion, was evaluated using

the rsMD system and preliminary results show that dialysate lactate levels during

haemoperfusion were higher for the control kidney. A length of storage tubing was

used to collect dialysate in the early stages, immediately after organ retrieval, for

delayed analysis of glucose and lactate levels. A preliminary experiment showed

that dialysate glucose and lactate levels were very low during transport from the

abattoir to the laboratory. A miniaturised microfluidic system has also been tested,

which uses in-flow enzyme addition and downstream poly(phenol)-coated platinum

disc electrodes to detect glucose and lactate in two kidneys simultaneously.

• Free flap surgery (in chapter 6)

Real-time monitoring of tissue ischaemia was carried out during free flap surgery and

afterwards in the intensive therapy unit (ITU). Using this technique it was possible

to clearly distinguish between successful and unsuccessful flap reconstructions both

during surgery and post-operatively. Using rsMD, signs of flap failure were detected

much earlier than conventional methods allowed. The lactate/glucose ratio was

shown to be a considerably more sensitive and reliable marker of tissue health than

either glucose or lactate alone as it was not a↵ected by flow artefacts caused by

drugs such as vasodilators.

• Athlete monitoring (in chapter 7)

The development of a wearable device for subcutaneous monitoring of tissue metabo-

lites during cycling has been presented. A Food and Drug Administration (FDA)-

approved microdialysis probe was used to sample the subcutaneous tissue and was

coupled to online biosensing systems. Initial investigations were carried out using

rsMD to define the scope of the problem in terms of requirements for the microfluidic

device and for the biosensors. These experiments also served to improve the exper-

imental protocol and to determine the microdialysis flow rate required to obtain

detectable levels of glucose and lactate in the dialysate. Preliminary experiments

used storage tubing to collect the dialysate while retaining temporal resolution for

delayed analysis. However, this method did not prove suitable for the fast-changing

events occurring in the tissue. Instead, online analysis using rsMD was coupled to

biosensors housed in a microfluidic chip to verify that they were capable of detecting

metabolite levels within the physiological range. Online analysis proved much more

suitable for subcutaneous monitoring of glucose and lactate levels in real time, as

it enabled events to be assigned as they happened. However, the lag time caused
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by the long connection tubing and the low flow rates that were necessary was not

ideal.

In the final data chapter 8, ideas from the whole thesis culminate in the presentation

of a new 3D printed wireless biosensor system. This microfluidic chip was designed to

connect directly to the microdialysis probe outlet holder and enabled integration of two

needle biosensors in custom-made holders. The design progression and optimisation is

presented and the e↵ect of reducing the channel size on the response time of the biosensors

is demonstrated. The final wearable design was compared with the current rsMD system

(set up in the usual way with 1 m of connection tubing between the microdialysis probe

and the analysis system) and the lag time was found to be considerably improved. In

addition, the e↵ect of smearing of concentration changes caused by Taylor dispersion was

reduced using the microfluidic device. Proof-of-concept experiments using the microfluidic

device coupled with wireless potentiostats to monitor cycling athletes are presented. As

discussed for real-time analysis of free flaps, the lactate/glucose ratio provided the most

sensitive marker of metabolic changes occurring in the tissue.

9.2 Future work

Biosensing systems

Although in most cases the dynamic range of the hydrogel biosensors was successfully

extended by addition of the polyurethane film, there was a large degree of variability

and in some cases the coating was unsuccessful. To improve the reproducibility of the

polyurethane-coated hydrogel biosensors, further optimisation of the coating protocol, in

terms of the number of layers and the dipping time, is required. Alternatively, other

di↵usion-limiting layers could be investigated to improve the success rate. Additionally,

investigation of the biosensor stability over time is necessary as it would allow biosensors

to be made in advance and stored until required. For the in-flow enzyme addition system,

further work on optimisation of the enzyme concentration and flow rate for detection of

glucose and lactate is necessary. Steps varying enzyme concentration and flow rate should

be carried out in a random order to reduce systematic bias. Optimisation of the enzyme

conditions should improve the sensitivity of the system.

Monitoring transplant organs

Initial experiments have shown that monitoring tissue metabolism in real time during

organ preservation can provide important information regarding the health of the organ.

However, in order to assess the potential of this technique for viability assessment, it

282



9.2 Future work

is necessary to correlate these findings with some measure of functional outcome. Or-

gans subjected to di↵erent degrees of ischaemic injury could be studied to compare the

metabolic profiles of healthy and unhealthy organs. Alternatively the study could be

extended to monitor organs during a transplantation model, as this is the most robust

method of testing organ function.

These results have shown the importance of measuring multiple metabolites and of

using ratiometric analysis to increase the reliability of the results obtained. Therefore, it

is necessary to extend the system to measure glucose in addition to lactate. In addition,

it would be interesting to monitor dialysate ATP levels to gain a better understanding of

whether the energy demands of the tissue are being met. Proof-of-concept results were

demonstrated for detection of ATP, but optimisation of the system is necessary. For

transplant kidneys, the final analysis system could also include a means of testing renal

function. One example would be giving a bolus of inulin to the perfused kidney. Inulin

should be completely removed from the perfusate in a properly functioning kidney, there-

fore measurement of inulin in the urine would provide a measure of glomerular filtration

rate and hence renal function. Work on this is currently being undertaken in the Boutelle

group. The consensus in the literature is that no one marker alone can be used to re-

liably assess organ viability, therefore, measurement of multiple analytes could facilitate

development of a viability score, taking several factors into account.

Initial work to miniaturise the analysis system has been demonstrated, but further

development is required. This would enable the system to be portable and to travel with

the transplant organ between donor and recipient sites. It would also facilitate monitoring

at an earlier stage after organ retrieval. The system should incorporate an autocalibration

system to improve the reliability of the results. In addition, a method of controlling the

temperature of the analysis system is also necessary if it is to travel with the organ on

ice, as this would a↵ect the kinetics of the system.

Finally, development of a flat microdialysis probe that could sit on the surface of

the organ would be useful. This would be less invasive and in addition would be less

susceptible to movement, which was a problem using a conventional concentric probe.

Studies have shown that a microdialysis probe placed on the organ surface can allow

early detection of ischaemia (218, 293, 294).

Monitoring during free flap surgery

A major drawback with the rsMD system is the long lag time between changes occurring

in the tissue at the microdialysis probe membrane and when they are detected at the

analysis system. This lag time is caused by the 1 m length of fine-bore tubing that is

needed to connect the microdialysis probe outlet to the large clinical trolley housing the

analysis system. Furthermore, the large trolley is impractical during surgery when space
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is limited. The issues of delay and space could be greatly reduced by using a miniaturised

wearable analysis system based on microfluidics and online biosensors, similar to that used

for monitoring cyclists during training. Wireless potentiostats would also be necessary

for the wearable device. As it would be nearer to the patient, the wearable device would

need to be housed in a sterile container during surgery. For monitoring in the ITU for

long periods of time, it would also be necessary to incorporate an autocalibration system

into the final device. Currently, research in the group is being carried out to develop

an ‘intelligent’ autocalibration system, which can track changes in biosensor sensitivity

over time and make decisions regarding calibration frequency accordingly. This would

be extremely useful in this situation to improve the reliability of the results during long

periods of monitoring.

Wearable platform for cyclist monitoring during exercise

The wearable microfluidic platform developed for subcutaneous monitoring of cyclists

during exercise shows considerable improvements in terms of lag time and dispersion

compared with the rsMD system, but this is limited by the length of the outlet tubing

of the commercially available microdialysis probe. The lag time could be reduced to just

a few minutes if the microdialysis probe were to be customised so that the outlet tubing

was shorter. The e↵ect of reducing the channel size on the biosensor response to a step

change in concentration has been demonstrated, but the width of the channel is limited

by the diameter of the needle electrode in the current system. If the electrodes were

redesigned so that this was no longer the limiting factor, it may be possible to reduce the

channel size further still and to improve the sensor response time as a result. However,

this may be beyond the capabilities of the 3D printer. Miniaturisation of the wireless

potentiostats is also necessary for the final system so that they can be incorporated into

the final wearable device.
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