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ARTICLE INFO ABSTRACT

Keywords: In swift heavy ion track-based polymeric biosensor foils with incorporated enzymes one exploits the correlation
Biosensor between the analyte concentration and the sensor current, via the enrichment of charged enzymatic reaction
Ton track products in the track’s confinement. Here we study the influence of the etched track radius on the biosensor’s
Etching efficiency. These sensors are analyte-specific only if both the track radii and the analyte concentration exceed
ir;l)(l)ziidics certain threshold values of ~15nm and ~10~°M (for glucose sensing), respectively. Below these limits the

sensor signal stems un-specifically from any charge carrier. In its proper working regime, the inner track walls
are smoothly covered by enzymes and the efficiency is practically radius independent. Theory shows that the
measured current should be slightly sub-proportional to the analyte concentration; the measurements roughly
reconfirm this. Narrower tracks (~5-15 nm radius) with reduced enzyme coverage lead to decreasing efficiency.
Tiny signals visible when the tracks are etched to effective radii between 0 and ~ 5 nm are tentatively ascribed to
enzymes bonded to surface-near nano-cracks in the polymer foil, resulting from its degradation due to aging,
rather than to the tracks. Precondition for this study was the accurate determination of the etched track radii,
which is possible only by a nanofluidic approach. This holds to some extent even for enzyme-covered tracks,
though in this case most of the wall charges are compensated by enzyme bonding.

1. Introduction: Going to the sensor’s limits

Since a few decades latent and etched ion tracks in thin polymer
foils [1,2] are applied for biosensing [3]. From the different measuring
strategies, we favour the “Product Enhancement” strategy [3] most.
Here, enzymes are fixed to the walls of transparent etched ion tracks in
a polymer foil. Whenever analyte molecules enter, the enzymes digest
them towards the corresponding characteristic reaction products. If the
product’s formation speed is higher than their escape speed from the
tracks, they will enrich within the tracks [4]. This is given whenever the
analyte concentration is not too low and whenever the etched track’s
aspect ratio 1/r (1 = track length, r = track radius) is sufficiently large.
The latter case is fulfilled for conventional etched ion tracks in poly-
mers such as polyethylene terephthalate (PET), which have typical
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aspect ratios (i.e., length/diameter ratios) of up to ~1000 or so. The
higher the product accumulation within the tracks is," the larger is the
biosensing signal [4]. Basic pre-condition for this sensing technique is
that both the analyte and the enzymatic reaction products differ in their
charge states” from each other, so that changes in the track conductivity
reveal the presence of the analyte.

Hitherto, this technique has been applied by us for sensing of glu-
cose (via the enzyme glucose oxidase, GOx) [5], urea (via the enzyme
urease) [6] and phenols (via the enzyme laccase) [7]. The “Product
Enhancement” strategy is advantageous due to the ease of production
(no facility for single ion track production necessary), a wide tolerance
for sensor operation (concerning the etched track fluences and radii),
relatively large sensor currents (due to the simultaneous use of up to
~10°tracks/cm?® in a foil), its environmental friendliness (only

1 The product accumulation can be enhanced b, g., long track lengths, narrow track diameters, a high ratio between the analyte’s to the product’s diffusion coefficients or by the closure

of one track opening [4].

2 See, e.g., the case of glucose sensing with glucose oxidase, where the analyte glucose is neutral and the product gluconic acid is ionized; hence the enzymatic reaction leads to an

increase in the charge state of the liquid in the etched in tracks.
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polymers and enzymes are required), its low cost (only ~ng of enzymes
are used), its possibility for manyfold sensor re-use (at least some ~30
times), the robustness of the sensors against thermal denaturation
(storing them outside the fridge for several days hardly has any nega-
tive influence on their performance) and the prolonged sensor lifetimes
(up to ~3 months or more are possible if stored in a fridge).

In the view of the success of this strategy we thought it worthwhile
to test its utmost limits of applicability. We were especially interested in
finding out what happens when steadily reducing both the analyte
concentration and the etched track diameter (hence also rising the track
aspect ratio). Two questions arose in this connection, namely a) how
does nanofluidics influence the sensor’s behaviour and b) does the en-
zyme’s reaction kinetics influence the sensor’s detection sensitivity?

2. Experimental
2.1. Details of sensor preparation

For our biosensor experiments, we applied PET (Melinex and
Hostaphan) and polycarbonate (Makrofol KG) foils (denoted here as foils
#6, #8 and #15 for consistency with recent track etching studies in Ref.
[81). Though these foils are already 20, 4 and 6 years old, respectively,
they all still maintain good plasticity and etchability and therefore are
feasible for biosensor production. These foils were irradiated by energetic
heavy ions to create straight parallel radiation-damaged regions (‘latent
ion tracks’) therein. For this publication, we mostly used foil #8 with the
following specifications: thickness 19 um, irradiated by 170 MeV Xe ions
up to a fluence of 1 x 107 cm™~2 The less frequently used foil #6 is
12 um thick and was irradiated by 250 MeV Kr ions up to a fluence of
4 x 10°cm™2, Finally, foil #15 is 8 um thick and was irradiated by
985 MeV Au ions up to a fluence of 2 x 10% cm ™2 The samples, cut to
typical sizes of ~1 x 1cm?, were etched with 4 M NaOH at room tem-
perature (~22C) in a specially designed etching chamber (which was
made after the example of Ref. [9]). The etching procedure was con-
stantly monitored by conductometry, applying for this purpose a power
supply (inner resistance: Ry, = 1 MQ2) which delivered a sinusoidal vol-
tage of ~2V at ~50 mHz. The transmitted currents were measured with
an oscilloscope (inner resistance R, = 1 MQ2) with a measuring point
resistance R; which could take values of 0 and 9 MQ, depending on the
measuring task [8].

During the etching the radiation-damaged material along the latent
ion tracks was preferentially dissolved and removed, thus transforming
the latent ion tracks into “etched tracks”. As in this transition region we
observe a gradual opening and merging of the radiation-induced free
volume zones towards narrow nanopores, these tiny structures are by
no means all of perfectly conical or cylindrical shape, but instead ex-
hibit individual statistical variations. This means that the track radii r
derived here must be considered as “effective radii” only, i.e., they are
mean values, averaged over the whole track lengths, and they do not
give any clue for the accurate track shapes. For this work, we prepared
etched tracks of cylindrical (in the track core region for radii < 10 nm)
or funnel-type shapes (for larger tracks) [2,8,10]).

After etching to appropriate track diameters (as measured after re-
placing the etchant by ultrapure water and calculating the radius from
the transmitted current), the foils were washed with activation buffer
(0.1 M MES (2-[morpholino]ethanesulfonic acid), 0.5M NaCl, pH 6.0)
and immersed in a solution of 2mM 1-ethyl-3-[3-dimethylamino-
propyl]lcarbodiimide (EDC) and 5 mM N-hydroxysulfosuccinimide (S-
NHS) for 15 min. The activated foils were then washed with coupling
buffer (0.1 M sodium phosphate, 0.15M NaCl, pH 7.2) and immersed
into a solution of 10 mg/mL glucose oxidase (GOx). After 2 h, the foils
were rinsed extensively with phosphate buffer to eliminate the non-
bonded GOX and stored at 4 °C in phosphate buffer until use. For reli-
able comparison of the sensors with each other, we treated all of them
in exactly the same way, independent of their individual etched track
size. Immediately before starting with the measurements, the biosensor
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Fig. 1. Accommodation of biosensor #219, (made of foil #6, side B [8]) from storage in
buffer solution to the measurement in ultrapure water, as described by the transmitted
current as a function of accommodation time. In this case, we both allowed the buffer ions
to diffuse out from the sensor foil into the ultrapure water ambient by just waiting, and
also changed the ambient solution two times (see the interruptions). No remarkable
difference shows up during either waiting for an hour or so, or during changing the
washing water multiple times. Sinusoidal alternating voltage of 5V, 49.5 mHz applied;
measurement with oscillscope; no shunt used.

foils were accommodated to the new ambient, by either washing them
typically 10 times or so with ultrapure water (supplier: Millipore Corp.
(Merck), conductivity 18.2 MQ 'em ™) until their conductivity re-
mained constant, or by allowing them to release their buffer ions for at
least ~40 min in ultrapure water, with roughly the same result, Fig. 1.
Thereafter the sensors were ready for use with the utmost possible
measuring sensitivity.

2.2. Derivation of the etched track radii from measured transmitted test
currents

Until recently, it is convenient to calculate the etched track radii
from test currents transmitted through them by conventional macro-
scopic conductometry [2,10,11]. However, meanwhile it is known that
macroscopic flow conditions break down in nanopores and have to be
replaced by a nanofluidic approach (see eg., the excellent recent review
article by Bocquet et al. [12], or others [13-15]). As to our knowledge,
the nanofluidic conversion from conductometrically determined test
currents across etched tracks to nanopore radii has not yet been ex-
plicitly reported,® we care for it here. To follow this procedure, the
knowledge of both the ionic conductivity in the nanopore Kgy and the
density of the charges Kgyface ON the nanopore surfaces is essential.

Scaling Bocquet’s numerical example of a representative mono-
valent nanofluidic system [12] down to our as-etched and subsequently
water-filled tracks (i.e., before any enzyme deposition starts), then Kgi
~5.5x 1078Sem ™! (corresponding to the impurities in ultrapure
water, estimated to be in the order of Cgy ~10"7M) and
Ksurface = 0.1 e/nm? = 1.6 uC/cm? are applicable. Then, the system’s
characteristic nanofluidic lengths are: the Bjerrum length: 1z = 0.7 nm
(for whatever Kp,j and Kgyrface), the Debye length: Ap ~0.9 um and the
Dukhin length: Ipy ~1.6 mm. Scaling, however, these results down to
enzyme-covered biosensor tracks (where surface charges are largely
neutralized due to enzyme bonding), we should rather assume Cpyi
~{1077 to 107 %} M (hence Kgux < 5.5x1077 Sem™ 1) and Kgyface

3 possibly this stems from the researcher’s (perhaps intentional) selection of high salt
concentrations, specific pH values, and low voltages for track radius calculations, which
reduces the nanofluidic influence considerably and avoids the otherwise necessary
lengthy calculations.
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Fig. 2. Application of nanofluidic theory to the experimental case treated here (Foil # 8) for the as-etched polymer foil’s current transmission measurement after immersion in ultrapure
(“milliQ”) water), to a) the resistances of our etched foils and b) the measured oscilloscope voltages (normalized to the applied voltage U) in dependence of the etched track radii; detail of
the most interesting range region. Chosen values: Kgy = 5.5 X 10”8Sem ™ (corresponding to 107 M) and Kgurface = 1.6 pC/cm?. Both the results obtained with conventional mac-

roscopic physics (“classical”) and with nanofluidics are shown.

~1.6nC/cm?, so that we arrive at estimates of lz = 0.7nm, Ap
~0.3 um (max. ~1 pm) and lpy ~ 1.6 pm (max. ~ 16 um), respectively
(the numbers in brackets describe the possible most active biosensor
states).

The large sizes of the Dukhin length mean that here, surface charges
play a significant role, though after their reduction by enzyme bonding
the nanofluidic influence is reduced considerably. With the above data
base, it is possible to calculate the electric conductance G (i.e., the
ratio of transmitted electric current I versus the electrical potential drop
E.) of a nanopore as the sum of both the its central and surface con-
tributions according to [16-19], and consequently also the resistance of
all ® nanopores per unit area [12,17-20], from which finally the etched
track radii can be determined. Due to the negligible surface charges of
our biosensors, perturbations by three-dimensional streamlines outside
the nanopores as predicted by Lee et al. [20] (which would make the
track openings appear larger than they are in reality) vanish in our case.

The final correlations between the foil resistances and the as-etched
track radii (i.e., before enzyme deposition onto the corresponding track
walls) are depicted in Fig. 2a, as well for the classical macroscopic, as
also for the nanofluidic approaches. The same is done for the correla-
tions between the measured oscilloscope voltages U, in our measuring
chamber and the etched track radii, see Fig. 2b. As expected, the na-
nofluidic influence of surface currents during narrow track etching is
considerable, leading to corrections of more than an order of magnitude
for the as-etched tracks. This applies especially for ion track cores and
their transition regions to the penumbra.

For the final biosensors (i.e., enzyme-clad etched tracks with near-
zero surface charge), Fig. 3 gives the corresponding curves for a, b)
their overall electrical resistances and c) the measured oscilloscope
voltages Uy as a function of the track radii. As we had obtained above
only rough estimates for both the ionic conductivity Kg,; and the
surface charge density Ky face Of our biosensors (that also depends on
later modification steps), we give here a bunch of curves for different
values around the expected ones (which indicates the magnitude of
error of this calculation). It is seen that for surface charges below
~1nC/cm?, nanofluidic surface currents become negligible. It further
follows that under the experimental circumstances given here, the
maximum radius of track-based biosensors which can be recorded* with

4 Larger track radii can only be measured after changing the experimental parameters
such as reducing the sample foil size by at least a factor ~3, or the electrolyte con-
ductivity (by “diluting” the used ultrapure water ions with e.g. concentrated sucrose
solution [as the latter is neutral and does not react with GOx if present], thus reducing its
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reasonable accuracy when using ultrapure (milliQ) water is in the order
of a few hundred nm.

A remark: in literature it is commonly assumed that the smallest
tracks which can be reasonably produced by etching, and also which
can be reasonably detected by conductometry, are in the range of
several nm only [2]. This conclusion was hitherto always based on the
classical current-to-radius conversion. However, as illustrated by e.g.,
Fig. 2a, an ultrapure water-filled track for which a resistance of, let us
say, 10% Qcm was measured and to which a radius of ~2 x 10" %cm
would be assigned conventionally, would obtain a radius of only
~1 x 10~ 7 cm if evaluated nanofluidically. It is this difference by more
than an order of magnitude which makes the track radii appear here
unusually narrow. The narrowest radius obtained by us conventionally,
~15nm, would then turn to ~0.3nm if calculated nanofluidically.
According to our previous remark, we denote these calculated results
only as “effective track radii” as it is doubtful in how far such narrow
radii are still realistic.

3. Results and discussion
3.1. The effective enzyme layer thickness

We now determine the differences dr = reeen, — Tsensor PEtWeen the
measured as-etched track radii re, and the radii of the biosensors
Isensor Produced from these etched tracks, as a function of rei, for as
well the classical macroscopic approach as according to nanofluidics,
see Fig. 4. In the latter case, we used for the evaluation of re, the most
appropriate parameters Kgqx = 5.5 X 10" 8Sem ™! (corresponding to
~10"7 M) and Kgyrface = 1.6 pC/cm?. For the evaluation of the bio-
sensor track radii Fsepsor We used a Kpyy value of 5.5 x 1077 Sem ™! and
a Kgurface value of 1.6 nC/cm?>.

What one would expect is that this difference dr is always constant,
as both the as-etched and enzyme-clad tracks just differ by the de-
posited enzyme layer, its thickness being given by the enzyme diameter
denzyme. However, Fig. 4 shows strong differences for both the classical
and the nanofluidic evaluation: though these differences are constant
within an interval B, they become negative for too small re., (interval
A), and they grow steadily for very large re, (interval C). Therefore we
denote these differences dr as the “effective enzyme layer thickness”.

The comparison between Fig. 4a and b indicates that the nanofluidic

(footnote continued)
conductivity by one or more orders of magnitude).
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Fig. 3. Application of the above theory to the experimental case treated here (enzyme-clad foil # 8, embedded into ultrapure (“milliQ”) water), to a, b) the resistances of our biosensor
foils and c¢) the measured oscilloscope voltages (normalized to the applied voltage) in dependence of the etched track radii. Due to the uncertainty of our estimated Ky and Kgyrface
values, we give here a bunch of curves for different (a) Kpy and (b) Kgurace values. We think that Kgyace values around ~ 1 nC/cm? may be most realistic. Ky ~5.5 X 10”8 Sem ™! may
be a good description for sensors at rest or operating at very low analyte concentrations, and Ky ~5.5 X 10”7 Sem ™! may describe better sensors under high analyte load after
prolonged times.
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Fig. 4. Effective enzyme layer thickness on the etched track walls, as calculated from the differences of as-etched track radii and radii of etched tracks clad with enzymes (in some cases,
the measurements were repeated, to obtain better statistics). Evaluation for a) the classical macroscopic, and b) the nanofluidic model. The letters A, B and C refer to the different regimes
found in these plots which describe (A) too narrow etched tracks which cannot yet accommodate enzymes, and (B, C) sufficiently large etched tracks of cylindrical shape which
accommodate enzymes on their inner surfaces. C denotes the track regime where dr is no longer constant. Lines to guide the eye.
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evaluation yields a much more realistic picture than the classical ap-
proach: Whereas the range interval of region B (with constant dr) is
negligibly narrow for the classical approach, it ranges from at least
Tetched ~ 16 to 35 nm according to nanofluidics. Further, unrealistically
high values emerge for dr in the macroscop approach, whereas the
nanofluidic value dr ~8 nm corresponds exactly to the known diameter
denzyme of the deposited enzyme. Therefore we discard from now on the
macroscopic calculation and restrict to the nanofluidic picture only.
The strong decrease of dr below re., = 16 nm indicates that the
etched tracks require a radius of at least 16 nm (= 2 denzyme) to allow
the enzyme molecules to smoothly pass each other for the formation of
a proper enzyme layer. This is amazing insofar as simple geometric
considerations would rather suggest that GOx transport along the tracks
starts when reech > denzyme/2, i.€. that radii around ~5nm could al-
ready be sufficient. Therefore we speculate that for track radii between
~5 and 16 nm (region A), at least some GOx molecules might still be
capable to enter the tracks and sporadically cover the track walls, so
that some reduced sensor activity may still survive in these cases. In
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Fig. 6. The recorded sensor current as a function of rgensor (as determined according to the
nanofluidic calibration for as-etched tracks after enzyme deposition), for all examined
samples, at different applied glucose concentrations, For the sake of clearness, all curves
are shifted from each other by a factor 10 in the sensor current scale. Lines to guide the
eye.
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fact, we will show below that this idea does make sense as it is re-
confirmed by the growth of the sensor signal in Fig. 6 between
Teteh = 5-15nm. For re, below ~5nm, geometrical considerations
would not allow any more enzyme entering the tracks.

In the cases where the track surfaces are no longer fully covered
with enzymes, the pores do not lose their surface charges any longer, so
that here the full nanofluidic mechanism of as-etched tracks applies.
Consequently, in this region the low biosensor’s charge density values
will turn to the higher as-etched track’s Ksyface Values in the evaluation
(this is not yet done in Fig. 4). Doing this, the rgensor values as evaluated
for the biosensor case will decrease towards re., Of the as-etched tracks;
hence dr = Teteh — Tsensor — Tetech — Teteh = 0. So the seeming problem of
negative enzyme layer thicknesses evidently vanishes.

In conclusion: a) The lowest possible etched track radius which al-
lows for full accommodation of enzyme cover layers on the etched track
walls is in the order of 2denzyme, here: 16 nm. b) In some transition
regime (above ~ 5 nm radius) limited biosensing is still possible, due to
the arrival of a few enzyme molecules in this highly confined region. c)
Smaller etched tracks are useless for biosensor production. d) The
puzzling negative dr values of Fig. 4 are artefacts arising from the in-
adequate choice of the type of nanofluidic conversion. After correction,
they turn to zero.

For excessive radii re., above ~35nm in the regime C of Fig. 5b,
the dr values grow slightly with re., for yet unclear reason. One might
either speculate about some spatial relaxation of the enzyme layer with
decreasing confinement, or about the possibility of multilayer enzyme
coverage (if additional enzyme layers could stay permanently on top of
the first one).

3.2. Biosensor calibration curves

Fig. 5 gives representative examples of the measured glucose sensor
calibration curves (i.e., of the transmitted currents I(C) as a function of
glucose concentration C, derived according to the nanofluidics con-
version curve Uys./U (Teen) Of Fig. 3c). For biosensors with very narrow
pores (e.g. sensor #223, made from foil #6) with ~0.3nm average
track radius® (Fig. 5a), a bimodal behaviour shows up, consisting of a
declining branch at very low glucose concentrations and an increasing
one at very high glucose concentrations, joined by some broad inter-
mediate region. The transition between the two branches of this

S According to nanofluidic evaluation.
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bimodal calibration curve occurs at around 10~ 3M for very narrow
tracks (Fig. 5a), but increases towards ~10"°M for tracks with
~3.5% nm radius (for biosensor #219; not shown here). Simultaneously
the two branches show less data scattering with increasing track radius.
When increasing the track radius further, the decreasing branch van-
ishes rapidly and the increasing branch shows up with larger inclination
up to the largest track radii recorded here (see as an example, sample
#245 (side B of foil #15) with reer, ~15nm, Fig. 5b). For small currents
(such as in Fig. 5a), the use of a 10 MQ shunt gives pronouncedly
sharper measuring results (concerning both the curve’s slope and ac-
curacy), whereas for larger sensor currents both the 1 and 10 MQ2 shunt
yield the same results.

The fact that even for unetched track sensors (i.e., reien, = 0) a non-
zero sensor response exists seems puzzling at the first moment.
However, this and also the explication of the bimodal behaviour for
sensors with very narrow pores is straightforward: Calibration curves
with bimodal behaviour were only found for track radii < 16 nm, hence
for tracks that accommodate only very few or no enzyme molecules on
their walls. The nature of the declining branch at low C is explained
thus: a) At analyte concentrations C below 1 X 1077 M glucose, the
observed current is a result of ultrapure water dissociation towards
[H*] and [OH™] ions. When the concentration C of neutral glucose
molecules is increased from 1 x 10"°M to 1 x 107 °M the relative
concentration of [H*] and [OH ] ions from water decreases and so
does the conductivity of the system. As compared with this current, the
contribution of the ionized reaction products obtained from the few
enzyme molecules in the tracks is negligible. Only when the glucose
concentration approaches to 1 X 10~°>M, GOx becomes more active,
and the system begins to accumulate charged products which rises the
track’s conductivity. Indeed, several literature reports [21-23] indicate
an affinity constant, Ky, for GOx in the range from 1.9 x 107°M to
3.5 x 10~ 3M. Therefore it is expected that the enzyme becomes more
active when the glucose concentration approaches these values, which
in turn results in a higher accumulation of reaction products. So there
are two parameters, a higher product concentration and a higher en-
zyme activity which trigger the observed current increase between
107° and 1 M. b) When, after increasing the track radii ryensor above
16 nm, continuous enzyme layers are formed on the track walls, the
enzymatic reaction products dominate here from the beginning, and
therefore only one rising calibration curve is found (as an example, see
Fig. 5b). In conclusion, in track-based biosensors there exists a rather
abrupt transition between structures clad with enzymes on their track
walls (with reensor =16 nm) which hence act as efficient biosensors, and
structures with rgensor < 16 nm with nanopores which are too small to
accommodate a reasonable amount of enzymes and therefore are not
useful for efficient biosensing.

3.3. The dependence of track-based biosensing on the track radius

In Fig. 6 we correlate (for all prepared glucose sensors with radii
below ~ 25 nm) the recorded currents [(rsensor) as @ function of reengor, as
determined via the nanofluidic oscilloscope’s signal-to-radius conver-
sion of Fig. 3c) for some selected glucose concentrations. Different re-
gions show up, the most important one being that for rgs., exceeding
~15nm (region III), for which the sensor response is largest and con-
stant (corresponding to the region B of Fig. 4b). Below that radius
(corresponding to the region A of Fig. 4b) one recognizes a more or less
constant but slightly fluctuating low current region from 0 to ~5 nm (I)
and another rising one (II) which connects regions I and II.

Note that all curves in Fig. 6 are rather identical, indicating that the
analyte concentration does not affect the sensor’s behaviour above a
characteristic threshold value around ry, = 10-15nm. (Note that dr
(Teten) in Fig. 4b follows a similar trend, insofar as beyond ~15nm
track radius dr is independent of re,). As below this threshold radius,
no continuous enzyme layer deposition appears to be possible any
longer due to excessive confinement, the sensor response decreases.
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There are some tentative explanations for the emergence of the low-
current region I such as a) enzyme bonding to the surface of the
polymer foils or b) enzyme bonding to reactive sites on the latent track
entrances, or ¢) some diffusion of EDC, S-NHS and GOx into surface-
near regions, or d) their capillaric migration along crazes in the surface-
near region and bonding there. We favor the last explanation, as the
foils used by us (e.g., #6) had typical ages between half a decade and
two decades, hence were already somewhat subject to degradation.
According to the general understanding [24], typical degradation ef-
fects such as oxidation, hydrolisation, solar UV irradiation etc.) trigger
stress between differently degraded polymer regions that relax by the
formation of crazes (i.e., nano-cracks interconnected by fibrils). Even-
tually, the I(ree) curve slightly decreases from reie, = 0 to ~3 nm, as
suggested by the first one or two measuring points. At present we do not
yet have, however, any satisfying explanation for such an effect; pos-
sibly this is only an artefact due to some slight data scattering.

A last point: Though the general trend of the curves in Region III
indicates that they are parallel to each other, i.e. independent on track
radius, one realizes some slightly correlated step-like jumps with in-
creasing track radius at intermediate concentrations. As we can exclude
any trivial reason (such as the erroneous assignment of wrong track
radii or glucose concentrations, or variations of our hardware or soft-
ware adjustment or of the used foil material or the lab temperature, or
plotting errors), we might think at the possibility of slight abrupt re-
laxations of the polymeric track walls,® in dependence on the ambient
parameters (such as the concentrations of the embedded solutions).

4. Summary and conclusions

In this work we wanted to examine the lower limits of swift heavy
ion track-based biosensing, specifically for the “Product Enrichment”
sensing strategy.

To check in how far tracks with very small radii are useful for track-
based biosensors, we measured transmitted test currents as well across
the as-etched tracks as across the final biosensors. Whereas for the
conversion of the as-etched track signals to radii, it is obligatory to
calculate these radii nanofluidically for the as-etched tracks, it was
doubtful whether this is also required for biosensors, as in their cases
surface charges are largely used up for enzyme bonding. Estimates show
however, that also in their case nanofluidic corrections are useful.

At sufficiently high analyte concentrations (> 10~° M) and suffi-
ciently high radii (> 15nm), the biosensors exhibit their maximum
sensitivity; here the currents always grow smoothly with the analyte
concentration. Here, the sensors are also highly failure-tolerant as the
measured sensor currents are independent of the individual track radii.
A simple biosensor kinetics based on cylindrical etched tracks was es-
tablished in the Supporting Information I to give predictions for these
sensing conditions.

There exists, however, a limit for the analyte concentration, below
which analyte-specific biosensing is impossible due to the inherent
enzymatic kinetics. In this region, the sensor is just sensitive for any
charge carrier. There exists also a lower limit for etched track radii
(~3.5nm) below which biosensors become useless for practical appli-
cations. In this region, a bimodal sensor signal emerges, one branch
decreasing at lower analyte concentrations and another one increasing
at higher concentrations. Whereas the first branch responds to any
charge carrier, the second is analyte-specific, however with extremely
poor sensitivity only.

A last point: It is known since long that very strong confinement — as

©In fact, similar (reversible) step-like changes have already been observed by us oc-
casionally during slow track etching or during slow changes of the liquid inside the tracks
(unpublished). These current jumps might either reflect abrupt changes of the polymer’s
nanometric structure as exposed to liquids at the etched track’s inner wall surfaces, or
they might indicate changes of the craze’s configurations when exposed to different li-
quids. Detailed examinations of such effects are still missing.
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given here in the tracks — decreases the diffusion of molecules em-
bedded therein. As this would promote their enrichment, it was thought
that this effect could be beneficial for track-based sensors. However,
this is not the case; in the Supporting Information II we will show that
this effect unfortunately cancels out.
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