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Abstract: Lactate electrochemical biosensors were fabricated using Pediococcus sp lactate oxidase (E.C.
1.1.3.2), an external polyurethane membrane laminate diffusion barrier and an internal ionomeric
polymer barrier (sulphonated polyether ether sulphone polyether sulphone, SPEES PES). In a needle
embodiment, a Pt wire working electrode was retained within stainless steel tubing serving as
pseudoreference. The construct gave linearity to at least 25 mM lactate with 0.17 nA/mM lactate
sensitivity. A low permeability inner membrane was also unexpectedly able to increase linearity.
Responses were oxygen dependent at pO2 < 70 mmHg, irrespective of the inclusion of an external
diffusion barrier membrane. Subcutaneous tissue was monitored in Sprague Dawley rats, and
saliva and sweat during exercise in human subjects. The tissue sensors registered no response to
intravenous Na lactate, indicating a blood-tissue lactate barrier. Salivary lactate allowed tracking
of blood lactate during exercise, but lactate levels were substantially lower than those in blood
(0–3.5 mM vs. 1.6–12.1 mM), with variable degrees of lactate partitioning from blood, evident both
between subjects and at different exercise time points. Sweat lactate during exercise measured up
to 23 mM but showed highly inconsistent change as exercise progressed. We conclude that neither
tissue interstitial fluid nor sweat are usable as surrogates for blood lactate, and that major reappraisal
of lactate sensor use is indicated for any extravascular monitoring strategy for lactate.

Keywords: lactate biosensor; Pediococcus sp lactate oxidase; subcutaneous lactate monitoring; salivary
lactate; sweat lactate; exercise

1. Introduction

Lactate is a byproduct of glycolysis and accumulates when there is either an absolute
or relative lack of tissue oxygen [1]. Accordingly, blood lactate has proved to be important
for assessing the severity of the clinical shock state. Whilst arterial pO2 provides a measure
of the adequacy of central ventilatory and cardiac function [2], lactate serves as the ultimate
marker of oxygen utilisation. It serves as the benchmark indicator of a shift in energy
utilization via the Krebs citric acid cycle and mitochondrial electron transport to that limited
to the glycolytic pathway [3]. The latter provides for urgent short term energy needs,
without the requirement for oxygen. However, it comes at the high price of producing only
two molecules of ATP (adenosine triphosphate) per glucose, compared with the thirty six
derived from aerobic respiration. A further disadvantage is the accumulation of acidic
lactic acid which lowers blood pH (acidosis) [4]. Even a minor pH change outside of normal
blood pH (7.35–7.45) compromises the body’s metabolic processes, including critical ones
in major organs; the heart, for example, manifests a reduced contractility [5]. Lactate is not
toxic per se and is in any case produced as a part of normal glycolysis. However, it lies just
a single redox equilibrium step from pyruvate at the end of the glycolytic pathway [6], and
so is rapidly responsive to the oxygenation state.
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Close lactate monitoring has the advantage of identifying metabolic trends earlier,
e.g., in shock, circulatory failure and hypoxia. It can also better identify the ‘golden hour’
following traumatic shock when resuscitation has its best chance of success. A further
important variant is septic shock, and though more insidious, manifests elevated lactate
levels equally justifying close monitoring [7]. In sports medicine, extreme exercise leads to
a relative hypoxia, and here also lactate monitoring can have added value.

Given the possibility of rapid dynamic change in lactate in extreme metabolic states,
a strong argument can be made for any technology capable of providing a continuous
readout of lactate or at least rapid intermittent measurement. As with glucose [8–12],
subcutaneous tissue lactate monitoring offers a relatively safe means of achieving real time
in vivo monitoring. Tissue has the advantage over blood of avoiding the dissemination
of coagulation products and infective agents, since any such adverse outcomes remain
localized to the implant site. In contrast to glucose, however, there is limited literature on
tissue lactate monitoring using sensors. One possible reason for this is the lower stability
of the required lactate oxidase resulting in less stable devices with regard to storage, use or
sterilization. We previously used a non-sterilized lactate sensor for saliva measurement
during exercise [13]. This demonstrated a mean baseline of 0.3 mM lactate, which is below
the blood lactate reference range, but in line with expectations demonstrated consistent
elevation during exercise. Saliva thus has potential monitoring value and warrants further
consideration as an alternative sampling route.

The ionic nature of lactate makes it an inherently different type of solute to glucose
with regard to intercompartment exchange. At the basic cell membrane level, of course,
quite different transporters are involved, and these lead to both different exchange equilib-
ria and dynamics. This is evident even for the red cell, where glucose partitions equally
between plasma and red cell water, but lactate distribution is unequal with high inter-
sample variability [14]. The cell to plasma concentration difference, moreover, is unrelated
to absolute lactate levels. For clinical evaluation, this raises the question of how hyperlac-
tatemia should be assessed, e.g., whether measurement should use whole blood, plasma or
only the red cell mass. In rapidly changing metabolic situations, plasma lactate is likely
to be more acutely responsive than red cell lactate, but transcellular exchange dynamics
subsequent to that are an unknown.

With regard to tissue, microdialysis has been the mainstay of lactate monitoring. It
has consistently demonstrated high tissue correlation with blood. However, the degree
to which this is seen varies with different literature reports. The data, overall, suggests
that the dynamic correlation is possibly not as close as that for glucose [15,16], though a
very high linkage is also reported [17]. A microdialysis probe in the confines of tissue will
inevitably produce lower analyte recovery than in a calibrant solution, so absolute tissue
levels are difficult to assess by this means. The standard pragmatic solution has been to
calibrate against blood in vivo. This strategy is also used with implanted glucose sensors,
as here also diffusional constraints in tissue contribute to underestimated measurement.
With oxidase-based enzyme electrodes, some of this may also be due to oxygen co-substrate
limitation. In a recent study on brain lactate, a sensor incorporating a catalyst for in situ
oxygen regeneration from the H2O2 oxidase enzyme product helped to mitigate this
effect [18].

Tissue microdialysis has found either minor or no time lags [19] with respect to dy-
namic lactate changes in blood. An alternative sampling approach reaches a different
conclusion. Here, a push-pull cannula was used to extract interstitial fluid from subcuta-
neous tissue, with accuracy achieved by referencing recovery against that of electrolyte [20].
This demonstrated that peak lactate was lower than for blood, but also with a significant
time lag. By contrast, there was a close match under baseline conditions. This sampling
method had good concentration resolution capacity and was able, for example, to iden-
tify higher lactate in subcutaneous adipose tissue [21], a net lactate generator. Overall, it
seems that the particular physiological circumstance of a tissue measurement needs to be
considered when any assessment of a monitoring technique is undertaken.
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Recently in a pig model, a lactate oxidase-based sensor, protected by a thromboresis-
tant NO releasing membrane [22], was used to monitor tissue lactate during intravenous
lactate infusion. Various confounding elements were evident; thus, tissue lactate was lower
than that of blood, lactate infusion generated substantially lower peaks than in blood and
measured levels at different tissue locations were different. This blood-tissue divergence
was hypothesized as variously being due to sensor fouling, low tissue lactate diffusivity
and anesthesia induced circulatory changes. All are important practical considerations,
though anesthesia is an unlikely factor, as it has been found to have no effect on skin
circulation [23]. These observations are a departure from an early report in the rat showing
correlation with plasma [24], including sensor responsiveness down to 10 mmHg pO2.
Furthermore, in the dog a close match with blood was seen during exercise [25]. Here,
however, return to baseline tissue lactate appeared to be delayed compared with blood.
A further, more complex, relationship was seen in a further rat study [26] where the rise
in tissue lactate following intravenous infusion preceded that in blood but lagged behind
blood during the subsequent fall.

In our own study of haemorrhagic circulatory shock in the pig, and later in the rat [27],
we also found tissue sensor locational differences in lactate level (interscapular vs. lower
back) with underestimation of peak blood levels. This divergence was more marked in
severe shock, and with close correlation under baseline conditions. Our study used slow
(1 µL/min) fluid flow delivery to the implant site to hydrate local tissue. This was an
adaptation of earlier microflow use for glucose monitoring designed to hydrate tissue for
augmented diffusion and an improved glucose sensor response [10].

The present study aimed to revisit tissue lactate dynamics in the rat without microflow.
The needle sensor design was similar to that used previously [10,27]. We further extended
monitoring to sweat and saliva in human subjects undertaking exercise as non-blood
sampling alternatives. The tissue results indicated a substantial blood to tissue barrier, at
least in the context of the experimental model we used, and one not previously evidenced
for glucose. For the first time also, lactate sensor pO2 dependence was characterized,
and we demonstrated an unusual effect on linearity through use of a lower permeability
inner membrane. We further considered two vs. three electrode options and compared
stainless steel with Ag/AgCl as pseudoreference. Sweat and saliva monitoring indicated
that meaningful results can only be obtained with saliva and that sweat changes cannot be
considered representative of blood, precluding its use in tracking hyperlactatemia.

Electrodes were made using lactate oxidase (LOx) with H2O2 measurement at +0.65 V,
vs. a stainless steel pseudoreference for the needle sensors [28] and vs. Ag/AgCl for the
planar constructs:

O2 + lactate = pyruvate + H2O2 (1)

H2O2 = O2 + 2H+ + 2e− (2)

The levels of lactate generated in blood, respectively, in the rats and in the human
subjects during human saliva monitoring in the present study are shown in Table 1.

Table 1. Blood lactate levels observed during current monitoring study.

Measurement Model Baseline Lactate (mM) Peak Lactate (mM)

Rat–IV infusion 0.75–1.0 3.1–8.0
Human-exercise 1.6–5.2 6.0–12.1

2. Materials and Methods
2.1. Reagents and Materials

Lactate oxidase (EC 1.1.3.2) (Pediococcus sp, Aerococcus viridans) was obtained from
Sigma-Aldrich, Dorset UK and microbial enzyme (E. Coli expressed Lactococcus lactis
subsp. Cremoris enzyme) from Toyobo, Japan. Sodium and lithium lactate, glutaraldehyde
(25% v/v aqueous solution), bovine serum albumin (BSA), phenol red and 4-aminophenol
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were also purchased from Sigma-Aldrich. Tetrahydrofuran (THF), dimethylsulphoxide
(DMSO), bovine serum, Na2HPO4, NaH2PO4, NaCl and NaOH were obtained from BDH,
Dorset, U.K. All solutions were prepared in deionized water. Ultrapure (99%) oxygen and
nitrogen were purchased from BOC Group plc. The outer polyurethane barrier layer used
a moisture curing proprietary prepolymer; Trixene SC7602 (kind gift from Baxenden Chem-
icals Ltd., Accrington, UK). Sulphonated polyether ether sulphone polyether sulphone
(SPEES PES) anionic copolymer was a kind gift from ICI Colloids and Polymer Group,
Runcorn, UK. Superglue (3211) was from Loctite, Herts, UK and conducting epoxy from
RS Components (UK). Stainless steel tubes (with inner diameter 0.38 mm and outer diam-
eter 0.50 mm) and polyester insulated Pt wire (0.125 mm diameter) were obtained from
Goodfellow, Cambridge, UK. Silver UHV deposition on to stainless steel was undertaken
by Mantis Deposition Ltd., Thame, UK.

2.2. Preparation and Use of Electrodes

Fabrication of the lactate electrodes has been described previously [27]. Needle
constructs were used for the rat studies as for in vitro saliva measurement. Even though
working electrode diameter was 125 µm, but these devices should not be considered to be
microelectrodes given the large size (0.5 mm o.d.) of the integral needle pseudoreference.
Sweat monitoring used planar electrodes with the same applied membranes coatings as for
the needle electrodes in the rat study. For fabrication, the Pt working electrode was first held
within a stainless-steel tube by means of epoxy glue. Prior to use, the Pt surface was cleaned
electrochemically in 50 mM sulfuric acid by sweeping potential between −0.4 and +1.5 V
vs. Ag/AgCl at 100 mV/s in N2 purged solution. A PC controlled PalmSens potentiostat
(Palm Instruments, Houten, the Netherlands) was used with associated electrochemistry
software (PS Trace) for all studies, except for rat tissue lactate monitoring where an Apollo
4000 Free Radical Analyser was used (World Precision Instruments, Hitchin, UK).

Polymer coatings were deposited on the insulated platinum working electrode by
dip coating from solution as either the polymer or pre-polymer. To create the SPEES PES
inner barrier layer for rejecting electrochemical interferents, electrodes were dip coated in
2 or 10% w/v DMSO solution of polymer and left overnight in a vacuum oven at 40 ◦C.
Enzyme was then immobilized on the tip by dip coating in a mixture comprising 1 mg
LOx:20 mg BSA/60 uL then mixed in a 2:1 volume ratio with 1% v/v glutaraldehyde
solution made up in phosphate buffer at pH 7.4. The mixture was allowed to crosslink
for 10 min, rinsed thoroughly in PBS to remove unreacted glutaraldehyde and dried at
room temperature for 2 h. After drying, the electrode tip was sequentially dip coated in
polyurethane outer membrane solutions using an increasing concentration series of 20%,
30%, 40% and 50% (v/v) prepolymer. The pre-polymer (Trixene) used for this was used as
received and dissolved in THF. 30 min intervals were used between deposition to allow
the pre-polymer to complete polymerization, though likely cure time was much shorter.

In the case of the needle sensors for saliva measurements, it was anticipated that
lactate levels would be lower than in blood based on our earlier study [13]. Here we
had found that a permselective electropolymerized inner barrier layer of poly(phenol
red)/poly(4-aminophenol) instead of SPEES PES gave us greater sensitivity by a factor of
two. So, in this study of blood comparison the electropolymerized films were used again in-
stead of SPEES PES. The films were self-limiting and were formed chronoamperometrically
at +0.85 V vs. Ag/AgCl.

Sensor measurements were undertaken at room temperature (23 ± 1 ◦C), and in
all cases in phosphate buffer saline (PBS) pH 7.4. For sweat monitoring planar enzyme
lactate sensors were made using the same coating formulations, but on a planar ceramic
base electrode of 3 mm diameter screen printed platinum as working electrode (Type 550,
Dropsens, Oviedo, Spain) with Ag as counter and reference. The sensors were positioned
within a small well on the ceramic platform. Direct contact with skin, including mechanical
pressure, was avoided through this, and ready, direct flow of sweat was achieved over the
sensing surface with subsequent unimpeded flow to the device edge.
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2.3. Physiological Measurement

Animal monitoring employed subcutaneously implanted lactate needles in Sprague
Dawley rats (300–350 g) using a protocol licensed by with the UK Home Office. Sensors
were sterilized in 70% ethanol for 1 h, washed for 1 h in ultrapure water and packed
in sterile plastic bags (Westfield Medical, Midsomer Norton, UK) and opened just prior
implantation. Rats were anesthetized by isoflurane inhalation with 2 mL/min oxygen.
Following full anesthesia, the skin was locally shaven in order to simplify subcutaneous
needle implantation and to facilitate subsequent needle fixation. Insertion angle was at an
angle of approximately 40◦ with respect to the skin surface. Needles were 3 cm in length
with tissue insertion length ~1.5 cm. Blood lactate measurement was carried out on venous
blood in the rats and on capillary blood in the human subjects during the saliva studies
using a Lactate Pro hand-held meter (Arkray Inc., Kyoto, Japan).

Permission for human studies was granted by the National Research Ethics Service,
South East London REC3 (Ref 10/H0808/124), and the work was conducted in accordance
with the guidelines of the Declaration of Helsinki. Informed consent was obtained from the
subjects involved in the study. Subjects undertook on the spot running exercise described
previously [13] comprising 20 min running on a treadmill (Woodway GmbH, Weil am
Rhein, Germany) with a series of 5 min intensity increments up to 85–90% maximum
heart rate. Cycling and, in one case, a separate running exercise was also used. For sweat
monitoring the planar lactate sensor was strapped to the upper arm. An electrode current
output was generated once an adequate output of sweat commenced. For tracking saliva,
stimulated saliva was collected at regular intervals and saved in plastic vials for later
measurement by needle sensor.

3. Results and Discussion
3.1. In Vitro Optimisation of Needle Electrodes

The strength and rigidity of steel and its viability as a pseudoreference has allowed
us to use it previously in implantable needle glucose sensors [10,28]. Silver coating of
the needle is an attractive option for creating a formal electrochemical cell, so ultra-high
vacuum (UHV) deposition of silver was undertaken as a simple, single step means for
achieving this. The result was a highly uniform, nano-thickness silver film over the needle
shaft. Baseline buffer CV was similar to that with the uncoated steel, though with minor
extension of the voltage window (Figure 1A). A change from a two (Pt/stainless steel) to
a three electrode arrangement (added Ag/AgCl reference) made little difference to these
baseline CVs (Figure 1B) in the H2O2 measurement window around +0.65 V. With these
bare Pt electrodes, baseline currents were high (~20 nA), as shown in the expanded scale
(Figure 1B). These have the potential to dominate lactate responses, which are also in the nA
range, leading to errors through background effects. Experience with membranes, however,
indicates that polymeric barriers can suppress this baseline [27], presumably through
diffusional restriction to exchange current generation. Ultimately, the UHV deposited
Ag films proved difficult to retain on the steel, and delamination occurred during repeat
solution exposure (Figure 2) precluding their further use.

Ag/AgCl is understandably the preferred reference for implantable electrochemical
devices [29], but little has been reported about its toxicity or biological effects. One early
study found that arterioles exposed to Ag/AgCl became hypercontractile and subsequently
flaccid and pharmacologically unreactive [30], a clear indication of functional change
through toxic damage. More recently, with in vivo implanted Ag plates, a toxic sequence
has been described. This comprised vascular dilatation, loss of capillary wall integrity and
later tissue inflammation and oedema [31], all occurring within 30 min. We considered
stainless steel to be non-toxic, but this study found mild toxicity even with steel. Tissue
damage from metal arises from released ions, and Ag+ and Fe3+ both have toxic potential.
This is partially mitigated by Cl− complexation and protein binding in biological fluids,
but soluble bioinorganic chelates also form which are able diffuse to the cell surface leading
to toxic outcomes [32]. Greater attention is needed in future to the tissue biology of released
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metal components, short of overt toxicity, to match the extensive biocompatibility studies
on sensor polymeric constituents.

Figure 1. Baseline cyclic voltammograms with bare Pt housed in needle electrode and different pseudoreference electrodes:
(A) Uncoated stainless steel (green curve); Ag coated stainless steel (by UHV) (red curve), Ag/AgCl included as reference
electrode with the uncoated steel (blue curve). Inset shows cross section of needle electrode with Pt insulated wire as
working electrode. (B) Expanded scale cyclic voltammograms from (A) Ag coated stainless steel (red curve); Ag/AgCl
included as reference electrode with the uncoated steel (blue curve).
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showing partial delamination of silver layer after washing step. (A) Light zones indicate Ag silver
layer; dark zones indicate stainless steel. (B) Higher magnification; layer thickness is 150 nm.

3.2. Polymer Barrier Membrane Effects on Sensors

The relatively low Km of lactate oxidase for lactate presents a challenge for undi-
luted sample measurement given the wide span of lactate change in blood and other
bio-fluids. The reported Aerococcus viridans enzyme Km ranges between 0.104 mM [33] and
0.94 mM [34], though the majority of reports indicate a value around 0.7 mM [35–38]. Sur-
prisingly, despite the greater use of Pediococcus sp enzyme, there is only one reported Km for
this source of 0.52 mM [39]. For the crosslinked Pediococcus sp in this study, based on half
maximum current in the calibration plots (Figure 3), the Km would appear to be between
0.6–0.8 mM. This suggests little or no lactate diffusional constraint in the enzyme layer.
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Figure 3. Lactate step change responses of five independently fabricated Pt–stainless steel needle electrodes using an
identical protocol. Electrodes numbered (1–5) refers to the corresponding electrode with respect to dynamic response
(A) and the resulting calibration using the steady state response (B). Protocol used albumin crosslinked lactate oxidase
(LOx) from Pediococcus sp. Measurements in PBS pH 7.4 under rapid stirred conditions where response is independent of
stirring rate. Responses normalized to a zero baseline currents. (Mean maximum response 50.3 nA, CV 6.2%).

With external polyurethane barrier layers to limit diffusion, however, increased ap-
parent Km with linearity to at least 25 mM lactate is achieved (Figure 4). This is consistent
with the ability of such barrier layers to reduce enzyme layer lactate concentration to
well below enzyme Km. Despite the membrane barrier, responses were sufficiently rapid
(2–5 min) to be acceptable for physiological monitoring. Furthermore, in practical terms, a
linear range of up to only 8 mM lactate would be sufficient in clinical shock [40]. The final
polyurethane coating on the needle tip provided for a smooth surface, as indicated in the
optical microscopy images (Figure 4 inset), though a pore structure has been seen in the
past by us by SEM. Both polyurethane layer number and density here offer a means for
reducing diffusion and extending linear range.

Figure 4. Lactate needle electrode dynamic responses (0.5–36 mM lactate) in stirred PBS solution
shown for electrode made with inner SPEES PES membrane deposited from 20% DMSO solution,
albumin crosslinked lactate oxidase (LOx) from Pediococcus sp (25 U/mg) as the enzyme layer and
final a final coating sequence of four polyurethane layers deposited from 10, 20, 30 and 40% THF
solution. Inset shows the resulting lactate calibration plot, again to 36 mM lactate. Schematic shows
side view of the needle electrode with the various enzyme and covering polymer layers over an
insulated Pt wire retained in stainless steel tubing as pseudoreference. The cannula housing for the
assembly serves as a conduit for needle electrode tissue insertion. The light microscopy images show
two different electrode needle tips with the completed polyurethane coating.
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The inner SPEES PES membrane is designed for H2O2 selectivity. When used as a high-
density layer here, it imposes a sharp reduction in H2O2 transport to the Pt electrode, but
as well as reducing lactate response, it surprisingly led to an extended lactate linear range
(Figure 5). This cannot be associated with any outer membrane effect, so we hypothesize
that with less H2O2 reaching the working electrode surface, and more retained in the
enzyme layer, there was greater opportunity for its non-electrochemical degradation. Any
decomposition in the enzyme layer would be able to replenish at least some of the oxygen
consumed by the reaction. There would be stochiometric regeneration of oxygen in that
event, but the unknown is whether it can actually occur in the enzyme layer.

Figure 5. Lactate sensors with various inner and outer membrane combinations: 2% SPEES PES, 20%
polyurethane (blue diamonds); 2% SPEES PES, 40% polyurethane (red squares); 10% SPEES PES,
40% polyurethane (green triangles). Lactate measured in pH 7.4 phosphate buffer, also containing
40 mg/mL BSA and 10 mM ascorbate. Enzyme layer used 25 U/L lactate oxidase from Pediococcus
sp. No baseline correction.

In work with a low permeability inner PVC barrier [41], we found a linearization
effect with glucose oxidase. However, here, decomposition by catalase contaminant was
a possibility given the microbial enzyme source, but the organisms sourced for lactate
oxidase are catalase and pseudo-catalase free. H2O2 decomposition is known occur at some
inorganic and metal surfaces [42], but equivalent studies at polymer or protein surfaces are
not yet reported, and perhaps merit consideration.

There are three commercial enzyme sources are available to construct a lactate sensor.
These resulted in some difference in response (Figure 6) but the level of this did not appear
to be sufficient to merit a change from our previously tried Pediococcus sp enzyme [27].

Figure 6. Lactate response in stirred PBS of planar ceramic electrode with polyurethane/SPEES PES
covering layers designed for sweat monitoring. Calibration curve for three enzyme sources: 25 U/mg
Pediococcus sp (blue circles); 161 U/mg Aerococcus viridans (red circles); 119 U/mg from Lactococcus
lactis subsp. cremoris (green circles).
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3.3. Sensor pO2 Dependence

The oxygen dependence of a first generation enzyme electrode is a key consideration
for in vivo use because of the likely low ambient pO2 levels it would experience. Our
previous study with subcutaneous oxygen needle sensors found pO2 to dip down to
10 mmHg in the rat and in human subjects down to 30 mmHg [43]. Diffusion barrier
membranes for in vivo sensors are designed, in part, to reduce the O2 background effect
by differentially reducing glucose transport over that of oxygen. Surprisingly, despite this
design feature and the extensive clinical use of glucose sensors, little has been reported on
either background O2 effects or their membrane mitigation. In the case of lactate sensors,
such information is entirely missing.

Accordingly, we produced oxygen calibration curves under fixed lactate backgrounds
(Figure 7). These all show a common O2 plateau region at pO2 > 70 mmHg where oxygen
change has little or no influence on response. If this is considered to be the Vmax region
for the enzyme layer, 0.5 Vmax gives an apparent Km of ~30 mmHg, equating to 0.13 mM
oxygen concentration. This is not significantly different from two reported values for the
soluble enzyme of 0.069 mM and 0.16 mM [34,38], respectively, and suggests there is little
oxygen diffusion limitation within the enzyme layer. It is consistent with the apparent
enzyme lactate Km derived from Figure 3 similar to that of the soluble enzyme; gas molecule
diffusion would be expected to be less affected by polymeric/biopolymeric barriers than is
the case for a microsolute. The similar oxygen plateau regions for both membrane covered
and non-membrane electrodes suggests that the outer polyurethane may not have added
a further significant barrier to oxygen transport. This would be a useful discriminating
feature of such a membrane polymer. Whilst lactate responses in the absence of a membrane
indicate limited linearity to 2 mM, comparable to that seen in Figure 3, an extension of this
to 5 mM with a barrier membrane confirms lactate diffusional retardation.
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The implication of the above for blood measurement is that only in the case of arterial
blood (pO2 80–100 mmHg) can oxygen independent responses be safely assumed. For
venous blood (pO2 30–40 mmHg) background oxygen variation has to be factored in unless
higher barrier layers are used, e.g., as in Figure 4. This was the possible reason for the
similarity in lactate responses we previously saw in venous and arterial pO2 matched
calibrant solutions with a needle lactate sensor [27].

3.4. Subcutaneous Tissue Lactate Monitoring in the Rat

In the rat study, blood lactate was increased using intravenous infusion of 3% (267 mM)
Na lactate (Figure 8). This raised blood lactate, but had no effect on tissue sensor output
despite the substantial elevations in blood lactate achieved. Direct injection of the same
lactate solution into tissue around the devices produced marked electrode responses in
each case confirming retained sensor responsiveness to lactate within tissue. Accepting that
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a low tissue pO2 could have depressed responses (Figure 7), some change in signal output,
at least, should have been seen. Electrode mispositioning as a cause of an unresponsiveness
seems unlikely given that the same implantation technique has enabled consistent tissue
glucose monitoring [28,44], and we have previously seen a tissue lactate rise during induced
hypoxia [14].
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In the context of the present study, two explanations might be considered. Firstly,
lactate as an anion has restricted diffusion through tissue, itself an anionic matrix due
to its charged connective tissue biopolymers. Lactate given intravenously, however, dis-
appears rapidly from the circulation. In a rat study, a 20% fall in lactate was observed
at 20 min [45]. Much of this, though, will be into the major organs and tissues, and an
equivalent, rapid transfer into all extravascular compartments cannot be assumed. In a
study using crosslinked collagen membranes as tissue substitute diffusion barriers, we
found similar transport reduction for small molecules, including ascorbate. However,
when the collagen was loaded with fibronectin, chondroitin sulphate or heparin, all anionic
connective tissue constituents, selectively greater reduction of ascorbate diffusion was seen.
Thus, its relative diffusion coefficient was reduced to 0.01–20.0% of that seen for the other
solutes at the same modified collagen matrix [46]. This strongly suggests that tissue may
differentially restrict anionic microsolute transfer. Secondly, whilst dermal tissue provides
a loose mesh that should be relatively open to diffusion, its dehydration might lead to
reduction in porosity with fewer transport pathways. Skin is susceptible to evaporative
water loss; shaved skin in the rat loses 0.8 mg/cm−2/h water even at ambient tempera-
ture [47], important at superficial locations. We have previously used tissue hydration,
to enhance solute diffusion [10,28]. The possibility of differential glucose/lactate transfer
through tissue is suggested in a microdialysis study during exercise where we observed a
delayed lactate rise whilst glucose changed throughout [16].

A further barrier effect at capillary level should also be considered. Capillaries have
defined open pores of ~3 nm that readily accessible to microsolutes. However, endothelial
cell transport modulation cannot be ruled out. Moreover, the capillary wall has an investing
glycocalyx layer that is anionic in nature [48] which will confer some ion discriminating
properties. Sensor fouling is unlikely as the membranes used here have been shown to
be adequate for stable short term monitoring [28,43]. The contrast with the tissue lactate
changes seen in our previous rat study suggests that tissue hydration may have facilitated
lactate mobility in tissue [27], furthermore, it was a shock study leading to generalised
tissue effects, not one reliant on change within a single compartment.

Microdialysis and open cannula push pull sampling [15,16,19–21] indicate that there
is decidedly not a block to lactate exchange, so the contrast with our sensor outcome needs
to be explained. One possibility is that tissue becomes hydrated. With microdialysis,
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whilst dialysis fluid is designed to be isosmotic, there will be some osmotic mismatch with
tissue with the possibility of bulk transfer of water into surrounding tissue. Furthermore,
interstitial tissue has a protein concentration that as much as 50% of that of plasma. This
equates to an additional (oncotic) osmotic pressure of 10 mmHg [49], quite sufficient to
drive out water from a microdialysis probe. Blood-tissue correlations when microdialysis
is used clinically have varied [50–52], and it would be of interest to consider if tissue
hydration state has a bearing on this.

One route to obtaining an absolute value for tissue lactate is to use ultra-slow micro-
dialysis. This reduces the ‘sink’ effect of lactate removal and gives a recovery approaching
100%. With this modified technique, resting subcutaneous tissue lactate in the rat was
found to be 1.3 mM, though with a dip observed down to 0.65 mM [53]. Alternatively, the
push pull cannula technique and its recovery corrected measurement has given a value for
human subcutaneous tissue lactate 1.5 mM [20]. This indicates a close similarity between
rat and human subcutaneous tissue lactate. In the case of blood there is also a likely match;
1.5 mM lactate was measured in the Wistar rat at rest [54] which is within the human
reference range (0.5–2.0 mM).

3.5. Saliva Measurement in Exercise

Saliva provides a readily accessible, low protein biofluid option for lactate measure-
ment. In our previous exercise study, we found salivary lactate to increase in all subjects [13]
in agreement with previous reports. With the present blood study, levels are seen to rise but
are considerably lower than for blood (Figure 9). Furthermore, the ratio of saliva to blood
lactate is not a constant, either in an individual or during the course of the exercise. This
would seem to lend considerable uncertainty to the use of saliva as a surrogate for blood,
and its use as a reference fluid for clinical use has to be ruled out. Previous studies [55–57]
have found values varying between those below to those approaching blood levels. Saliva,
nevertheless, would seem to have potential use outside of healthcare, e.g., for trend moni-
toring during exercise. The sensors used here employed an inner electropolymerized film
for selectivity because these had the advantage over the SPEES PES barrier of conferring
greater sensitivity through greater permeability. Their internal deployment meant that they
had no effect on surface processes such as fouling or lactate diffusion limitation.

The salivary glands are a rapid responsive secretory system capable of stimulated
high-volume outputs over very short intervals. Stimulation is nerve mediated and trig-
gered by taste and mechanical sensors. Secretion rates can increase tenfold, and such
post-stimulation samples are the basis for all salivary biochemical monitoring. With the
high rate of secretion, protein content and viscosity go down dramatically, a considerable
advantage for easy collection and low sensor fouling. Unstimulated saliva is viscous with
a high mucopolysaccharide and mucin level, so baseline saliva is difficult to collect. The
entry of fluid, microsolute and protein into saliva occurs through the acinar cells, and
at that stage saliva is isotonic. Its subsequent passage through the salivary ducts leads
to salt reabsorption generating the collectable hypo-osmolar final product. Though this
is low in electrolyte, it is sufficient for undiluted electrochemical measurement Lactate
is imported into the gland through acinar cell filtration activity, but the duct exchanges
mean that its final concentration is altered radically and in a manner that is flow de-
pendent. Moreover, the parotid gland, the main contributor of salivary metabolites [58]
varies its secretory contribution depending on stimulation, adding further uncertainty to
compositional evaluation.
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Figure 9. Lactate monitoring in four subjects (A–D) undergoing the similar graded exercise. The
blue curves show measurements on saliva collected at defined points of the exercise. The red curves
indicate parallel blood lactate measurements. The horizontal grey bars represent the following assay
points: pre-exercise, and then at the end of a sequence of 1 min, 10 min, 15 min and 20 min exercise.
Shaded bars represent 10 min post-exercise rest periods in two subjects (A,B). Needle electrode
used for measurement had a permselective electropolymerized inner barrier layer of poly(phenol
red)/poly(4-aminophenol) instead pf SPEES PES. Details of the electropolymerisation are provided
in [13].

3.6. Sweat Monitoring in Exercise

Sweat monitoring was undertaken using planar lactate electrodes strapped to the
upper arm (Figure 10 inset). In contrast to the use of a microfluidic channel to collect
the sweat for delivery to the sensor surface [59], we found direct skin facing sensors
to have sufficient sweat exposure during the exercises. Despite similarities in exercise
intensity, considerable interindividual variation was seen (Figure 10). Lactate changes
were characterized, variously, by a steep rise and fall, a slow progressive rise and fall
and a sustained downward trend during the exercise periods. It is difficult to validate
these measurements, and indeed the same applies to other reported continuous sweat
measurements. The challenge of matched sampling and reference assay of an ultra-low
volume dynamically changing fluid remains unmet. This imposes a major limitation to the
use of sweat for any definitive clinical interpretation, though advisory information may
well be extractable in sports physiology. With respect to the decreasing lactate values seen
here whilst exercise was ongoing, dilutional lactate concentration reduction is a possibility;
a high sweat production and known to reduce lactate level by a dilutional effect. A peak
in lactate value has been evident in earlier studies, though much less obvious and not
commented upon [60,61].
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Figure 10. Sweat lactate monitoring during exercise using different combinations (cycling, running
treadmill exercise) as indicated at the top of each figure. High, low, medium in green refer to
the level of intensity of the treadmill exercise. Vertical bars represent the specific exercise periods.
Breakthrough sweating led to sensor activation and sharp a rise in measured lactate response (A,C).
There is increase in lactate level commensurate with the intensity of exercise in two subjects (B,C),
but no link to exercise progression in the two other subjects (A,D). The optional facility for wireless
transmission was used in (D). Planar electrode schematic with membranes (polyurethane, LOx,
SPEES PES) as in Figure 4 with surrounding well (not to scale) (red), shown as inset in (D) with final
assembly including optional wireless transmitter strapped to the upper arm.

With regard to physiology fundamentals, sweat lactate production is a distinctly com-
partmentalized gland driven activity. There is no evidence of a salivary gland equivalent
blood filtration, either passive or active with regard to lactate or, indeed, for any other
metabolite. The gland is capable of orchestrating its lactate output over a considerable
amplitude, viz 5–40 mM [62]. Such major changes are in keeping with the variations we
observe here. From such large swings it is clear that sweat lactate cannot possibly have
resulted from a blood filtration process, active or passive. No such blood profile in exercise
or shock is possible, no matter what the hypoxia state, leaving aside absolute differences
with blood level.

The observed lactate increase during exercise is more realistically linked to multiple
non-biochemical stimuli that come into play [63]. These include psychological, hormonal,
nervous and mechanical serving, in part, to achieve thermoregulatory control via the sweat
gland [64], a critical need during exercise. Within the gland itself, there are two processes
to be considered: the primary glandular secretion and then its subsequent modification
during passage through the duct. Only in the case of K+ [65] is there any evidence of
blood filtration. Even here, when K+ was monitored during exercise [66] the level was
well below what would be expected for plasma K+ at the start and rose to supra-plasma
levels during exercise. A passive filtering process is difficult to contemplate here and
sweat K+ also cannot be considered as an indirect basis for blood K+ monitoring. Evidence
that sweat lactate does not reflect blood lactate elevation during exercise exists [63,67].
New uncertainty has been introduced following studies using sensors. In one report a
correlation with blood lactate elevation, though not with absolute level, was reported [68],
but here priming pharmacological stimulation of the sweat gland was used.

The secretory capacity that the sweat gland has with regard to lactate is unrelated to
what may be present in blood. It is results from a uniquely high glycolytic drive which is
almost completely arrested at lactate/pyruvate level. The only blood variable that could
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therefore have an influence here is glucose [69]. Local effects may well be important, thus
local muscle activity has been linked to increased sweat lactate [70], but tissue mechanical
influence cannot be ruled out; the sweat gland is responsive to both pressure and shear. It is,
finally, not in doubt that exercise will induce a major sweat lactate elevation [71], as we also
show, but it is highly questionable that any of this reflects blood lactate change. The value
of sweat lactate monitoring during exercise remains provided reproducible correlates with
exercise regimens can be established or some assessment of training readiness is achieved.
As an assay fluid with an extreme low protein content (<0.25 g/L) sweat is certainly highly
attractive for sensor use, but this cannot overcome the reality that it is not an available
window to blood change.

4. Conclusions

Tissue implantable glucose sensors have demonstrated the clinical value of continuous
monitoring, but the lactate sensor so deployed appears not to have seen equivalent use
in shock. Certainly, blood-tissue correlations are reported, but tissue handling of the
metabolite appears to be quite different from that of glucose; measurement uncertainty is
greater and precludes clinical use. The better outcomes with microdialysis suggest that
hydration may be a factor in blood-tissue lactate crosstalk. If such an effect is confirmed, it
would not only show up a new feature of microdialysis but indicate the structural plasticity
of interstitial tissue as a transport conduit. A variation in interstitial space behaviour
towards small solute molecules has further implications outside of biochemistry, such as in
pharmacology concerning the efficacy and targeting of therapeutic agents. There is also
the consideration of how we might open up the extravascular compartment to meaningful
monitoring in the future; blood provides only a partial basis for biochemical evaluation in
health and disease. The three sampling routes investigated here have shown contrasting
outcomes, and only with saliva is tracking of blood a feasible proposition. Sweat, despite
all the recent attention given to it and the dedicated sensor designs reported, is distinctly
unpromising. The present work highlights the need to unravel basic physiology before
sensors are deployed in biofluids outside of blood.
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