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Abstract

A general drawback for optical based pH sensors is that their response is typically limited to within 2—3 pH units centered around the
pK, of the indicator. Fluorescence lifetime (FL) is a particularly compelling basis for highly stable pH sensors since this is an
intrinsic property of the indicator molecule. Here we demonstrate that it is possible to broaden the sensing range of FL based sensors
significantly by placing the indicator in a support material where the indicator’s chemical environment itself changes with pH. For
acridine immobilized in amine-modified porous silica, a total FL change of 20 ns in the pH range 2—12 is achieved. A linear pH vs
FL relationship is observed with three break points occurring at pH 4, 6 and 9 that are related to the pK, values of the indicator and
the silica material. This proves the concept that tuning the fluorophore’s chemical environment can broaden the FL pH sensing
range, where currently available fluorophores do not cover the full pH range.
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Introduction

Optical based pH sensors are an alternative to the electro-
chemical sensor, where pH-induced changes in the indicator
molecules result in various pH dependent spectroscopic re-
sponses. In this regard, fluorescence-based sensors have re-
ceived much attention due to a potentially high degree of
accuracy over a limited pH range of about 2—3 pH units about
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the pK, of the indicator [1]. For several applications, such as
in physiology or environmental monitoring, a narrow sensing
range is sufficient and much effort has been directed towards
development of optical pH sensors. However, in order to in-
crease the applicability of the optical pH technology it is de-
sirable to have a sensor that works over a broader pH range.

Several principles have been applied to broaden the sensing
range beyond 2-3 pH units, particularly the use of multiple
indicators with different pK, values [2, 3]. For example,
Stroble et al. were able to achieve a sensing range between
pH 2-9 by applying four different fluorescent indicators [3].
Other approaches include the use of one indicator with multi-
ple steps of acid dissociation, as well as photoinduced electron
transfer where a single fluorophore is affected by various re-
ceptors (ionophores) with different pK, values [4]. When con-
sidering fluorescent indicators, the pH sensing mechanism is
protonation/deprotonation of functional groups in close vicin-
ity to the aromatic rings, which leads to partial quenching of
the fluorescence. Hence, a variation in the fluorescence
intensity with pH about the indicator’s pK, is the most com-
mon effect for fluorescent indicators [5].

However, a particularly attractive optical property for pH
sensing is fluorescence /ifetime (FL). The motivation for using
fluorescence lifetime rather than intensity to monitor pH is
that FL is an intrinsic property of an indicator, which is not
affected by e.g. leaching, light scattering effects, excitation
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source intensity variations or photobleaching. Therefore, FL
can be a basis for more reliable sensors with long-term cali-
bration stability, something that is not possible with electro-
chemical sensors. Although many indicators are available for
intensity-based fluorescence pH measurements, very few of
these show FL pH sensitivity. Consequently, the approaches
mentioned above to broaden the pH sensing range are not
currently possible for FL due to the very narrow selection of
indicators. For physiological pH sensing, the fluorescein
based indicator BCECF and fluorescent proteins are the most
common. These exhibit a maximum lifetime response to pH
of no more than 1-1.5 ns [5]. In fact, the only known organic
indicator with a large pH induced FL response (20 ns) is acri-
dine [6]. Hence, for a high-accuracy sensor based on an or-
ganic FL indicator, acridine is currently the only available
candidate. Acridine has a pK, of about 5.5, which limits its
use as a pH sensor to the pH range of 4-7 (Fig. 1).

However, despite being stable in terms of e.g. leaching, var-
iation in light scattering and photo bleaching, the FL will be
affected by several variables related to the chemical environ-
ment of the indicator, including solvation dynamics, molecular
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Fig. 1 a Fluorescence lifetime
versus pH for acridine

a

rotation, polarity of the environments, Forster resonance energy
transfer and charge transfer, among other things [5, 7]. Since the
indicator needs to be immobilized in a solid matrix material for
use in a sensor, the properties of this material is therefore im-
portant for the performance of the sensor.

For ruthenium(IT) complexes with varying fluorescence in-
tensity with pH, it has been shown that the pH sensing range
can be broadened by approximately 2 pH units by immobili-
zation in both hydrophobic and hydrophilic matrices [8, 9]. In
this paper, we describe a system where pH-induced changes to
the indicator’s immobilizing matrix are used to obtain a sig-
nificantly wider pH sensing range for the FL indicator acri-
dine. The solid matrix material is amine-modified porous sil-
ica made by the sol-gel procedure using (3-Aminopropyl)
triethoxysilane (APTES) and tetracthoxysilane (TEOS).

Experimental

Acridine (97%), (3-Aminopropyl) triethoxysilane (APTES,
98%) and tetracthoxysilane (TEOS, 98%) and were obtained
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from Sigma Aldrich and used without further purification. The
amine-modified silica was made by mixing 5 mL H,0, 20 mL
of 20 mM acridine in ethanol, 1 mL APTES and 0.93 mL
TEOS for one hour. The material was then separated from
the solution by centrifugation, followed by three rounds of
washing with Milli-Q water. The samples that are used for
fluorescence measurements have been mixed with Milli-Q
water for an additional five days, after which leaching is neg-
ligible. Carmody Buffers were used [10], which were diluted
to 100 mM due to the influence of electrolyte concentration on
the pK, of acridine.

Fluorescence Lifetime In obtaining the FL of the immobilized
acridine, fluorescence excitation was stimulated using
subnanosecond pulses from a PicoQuant PLS light emitting
diode with emission centered at 380 nm. The resulting fluo-
rescence was collected using a PicoQuant PMA 175
photomultiplier, fitted with a 45 nm spectral filter centered at
452 nm. The photomultiplier response was digitized using a
TimeHarp 260 Nano. The fluorescence lifetime values report-
ed were determined by fitting bi-exponential curves to the
resulting fluorescence decay data using the FluoFit Pro soft-
ware package. The lifetime values given are intensity weight-
ed averages. The plotted uncertainties are derived from the
confidence values for the best-fit parameters.

Soild-State NMR Spectroscopy The NMR experiments were
obtained using a Bruker AVANCE III 500 MHz instrument.
The instrument is equipped with a magic angle spinning
(MAS) probe for 4 mm rotors. Experiments were carried out
at a sample temperature of 298 K, with sample spinning rate of
10 kHz. For '"H MAS NMR, water signal suppression was
applied by pre-saturation pulses. ’Si MAS NMR spectra were
recorded using inverse-gated 'H decoupling, 1000 transients
and a relaxation delay of 120 s between each transient. Prior to
packing the MAS rotors, the powdered samples were dis-
persed in D,O, followed by sonication for 5 min to create a
finer dispersion. The excess D,O was removed by centrifuga-
tion at 18000 rpm, and the moist powder was packed into a
rotor. D,O was primarily added to increase the mobility of
functionalized surface species of trapped acridine, in order to
obtain a better resolution.

Leaching Leaching was tested by mixing a weighed amount
(about 0.05 g) of powder / material in 5 mL water. Every hour
for the five first hours 1 mL of the suspension was extracted,
centrifuged, and the supernatant analyzed with UV spectros-
copy. Then, samples were extracted and analyzed daily for
five days. Exact concentrations of acridine were determined
by comparison with a calibration curve for the UV absorption.
The water needed to be replaced after the first hour as the
amount of leached acridine approached the solubility limit in
water of 0.25 mM.

Results and Discussion

In buffer solutions, acridine has a ~13 ns shift in FL over a
relatively narrow pH range between pH 4 and 7 (Fig. 1b),
which corresponds well with acridine’s pK, of 5.5. The total
change in FL of about 20 ns is due to the FL difference be-
tween the protonated (31.6 ns) and neutral (6.6 ns) form of
acridine [9]. However, when immobilized in amine-modified
silica, the pH range is extended significantly due to pH-
dependent changes occurring in the chemical environment of
acridine (Fig. 1a). Between pH 4—6 and 9-11 there is a sharp
drop in FL upon increase in pH of 2.5 ns per pH unit. From
pH 6-9, and below pH 4, the FL changes 1 ns per pH unit. The
highest accuracy for pH determination is therefore in the pH
ranges 4-6 and 9—11. However, a change in FL of 1 ns per pH
unit for the least sensitive pH ranges of immobilized acridine
is still more or comparable to other known fluorophores with-
in their most sensitive pH range, such as BCECF (0.6 ns/pH
unit) used for fluorescence lifetime imaging (FLIM), and also
fluorophores proposed for sensor candidates such as resorufin
(1 ns/pH unit) [12]. Therefore, the material is a candidate for a
FL pH sensor in the full range between pH 2—12.

As mentioned, numerous environmental factors may affect
the FL of immobilized acridine, and the variation observed in
the FL pH dependency between pH 2—12 indicates pH-
induced migrations of the indicator between different chemi-
cal environments. These migrations are likely to have been
induced by protonation/deprotonation of both the indicator
and the silica material, which alters acridine’s preferred bind-
ing sites. From a previous study using fluorescent nanoparticle
adhesion assay, it was shown that amine-modified silica by
APTES may have two pK, values, one around 6.5 and one at
about 9.9 [13]. However, reports on the pK, of APTES varies
somewhat depending on the method used and often include
only one value [13—15]. These values are therefore used as
approximates in the following analysis. The apparent pK, of
acridine varies depending on the chemical environment, and is
for example sensitive to electrolyte concentrations. Acridine
possesses both a ground-state pK, (5.5) and an excited-state
pK.* value (10.6). In the heterogeneous microenvironment of
porous silica, the thermodynamic equilibrium can be shifted
and the apparent pK, may differ from that measured in solu-
tion. For example, acridine immobilized in Nafion has an
apparent pK, of 9.1 and pK,* of 9.39 in 100 mM electrolyte
concentration at A=450 [11]. However, the complex micro-
environment and non-sigmoidal plots obtained for acridine in
amine-modified silica, complicate the determination of
ground- and excited-state pK, values. Nonetheless, the large
difference in lifetime between neutral and protonated acridine
species is maintained when immobilized in the silica, as seen
from Fig. 1b. The FL of acridine is particularly sensitive to the
polarity of its environment, where lower polarity reduces the
FL, as well as both emission intensity and wavelength [16].
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Figure 2 shows three possible adsorption sites for acridine
in the silica material; a) hydrophobic interactions with the
propyl chain, b) electrostatically bonded to surface —O~
groups, and c)&d) H-bonded to surface amine groups. The
latter can only take place when acridine is neutral (non-
protonated) and hydrogen bonds between its unpaired elec-
trons and surface primary amine hydrogen atoms can
occur. When both amines are protonated, on the other hand,
repulsion occurs.

Similarly, neutral acridine can form H-bonds to surface
hydroxyls. In this system, deprotonation of the silanols will
likely occur to a larger extent at lower pH values than what is
the case for amorphous silica in general, due to the amine
functionalization. Isolated silanols have a lower pK, at around
4.5, whereas vicinal silanols H-bonded to each other have a
pK, at around 8.5 [17, 18]. *° Si magic angle spinning (MAS)
NMR shows that the ratio between the various Si species Q2/
Q3/Q4/Si-CH,- is 3.5/31.5/45.5/19.5 (see Supporting
Information). This e.g. implies a Si-CH,-/Si-OH ratio of 1/3,
and a Q2/Q3 ratio of 1/10, indicating that a larger pro-
portion of silanols will be isolated and negatively
charged at neutral pH, although pK, 8.5 silanols will of course
occur to some extent.
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Fig. 2 Schematic representation of possible adsorption sites for acridine
in the amine-modified silica material at different pH values: a
Hydrophobic interaction with the surface propyl chain. This is a probable
adsorption site at low pH where most surface sites and acridine are pro-
tonated. b Electrostatic interaction between acridine and deprotonated
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However, the cationic protonated acridine can bind electro-
statically to the deprotonated anionic silanols, which is the
strongest possible binding situation for acridine. The attraction
between the aromatic rings and the propyl chain will be driven
largely by entropy, as is the case with aggregation of nonpolar
groups in general [19], and is the weakest form of attraction.
Another environmental factor is the surface-bound water.
Ionization of the surface hydroxyl and amine groups can alter
the structural organization of the water, which in turn can
affect the FL of acridine by both altered molecular dynamics
and solvent polarity [20]. Hence, the chemical environment of
acridine immobilized in this material is complex and will
change with pH.

Based on the adsorption sites where acridine is likely to
reside at different pH values (Fig. 2), it is possible to reason
the wide pH sensing range of this material. As the pH in-
creases above pH 2, the silica surface will gradually become
anionic due to deprotonation of isolates silanols [21]. At such
low pH values, acridine remains protonated and electrostatic
attraction between the cationic acridine and anionic surface
sites occurs. This can move acridine from a less polar envi-
ronment (propyl chains) to a more polar one. Electrostatic
attraction is strong compared to the other possible types of
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surface silanols occurs at acidic pH values, i.e. when acridine is proton-
ated. ¢ Neutral acridine can form H-bonds to surface-NH;" groups. d) At
pH > 6.5 surface amines will start to deprotonate. Most acridine is
deprotonated and electrostatic interaction with surface —O ™ groups occurs
to a lesser extent
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acridine surface binding, and it is probable that a certain
amount of acridine will reside near the surface hydroxyls as
long as acridine itself is protonated. The slight 2 ns decrease in
FL on going from pH 24 is therefore likely related to the
deprotonation of the surface hydroxyls and consequent bind-
ing of protonated acridine to these.

At pH values above 4 there is a sharper decrease in FL with
increasing pH, indicating the onset of acridine deprotonation,
which is the principal source of increase in FL. This reduces
both electrostatic attraction to anionic surface sites, and repul-
sion to the cationic surface -NH;" groups. Neutral acridine is
further capable of H-bonding. A new possible destination for
the deprotonated acridine is therefore the surface amine
groups, as well as silanols that remain protonated at this pH.
The next breakpoint in the curve (Fig. 1a) occurs at pH 6,
which approximately corresponds to the first pK, of the sur-
face amines. According to Fig. 1, much acridine remains pro-
tonated at pH 6, and deprotonation of the surface —-NH;"
groups will therefore reduce repulsion between protonated
acridine and the surface amines further.

The final breakpoint in the curve occurs around pH 9. This
may correspond to both the pK, of H-bonded/vicinal silanols
(around 8.5) or the second pK, of amine modified silica

Fig.3 a 'H MAS NMR spectrum
(10 kHz MAS) of acridine in
amine-modified wetted (D,0)
silica. b "H NMR spectrum

of acridine dissolved in D,O

(around 9.9). Furthermore, the electrostatic interaction be-
tween protonated acridine and anionic —O~ groups may delay
deprotonation of some acridine, and it is possible that this
breakpoint is related to the higher pK, obtained by such acri-
dine. Electrostatic binding of protonated acridine to anionic
sites is e.g. also proposed as an explanation for the higher pK,
of 9 for acridine in Nafion [11]. No explanation is giv-
en in literature for the occurrence of the second pK, for
silica modified with APTES [13], and should the final break
point observed in Fig. 1a be related to this, the explanation
remains elusive.

"H MAS NMR (Fig. 3) confirms that acridine is present at
several binding sites simultaneously. Figure 3 compares the
spectra of acridine in D,O wetted amine-modified silica and
acridine dissolved in D,O. The chemical shifts of "H reso-
nances of acridine in the amine-modified silica corresponds
to those of acridine dissolved in water. However, at least two
additional peaks appear (marked with asterisk in the spec-
trum). The larger additional peak is shifted 0.27 ppm down-
field from resonance ‘b,e’.

In an aqueous solution with presence of both protonated
and non-protonated acridine, the dynamics (protonation/de-
protonation) is very fast on an NMR time scale, which

a b
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prevents observation of two peaks, but rather one peak with a
weighted average chemical shift. In order for two peaks to be
observed, a more stable configuration is required. Higher ppm
values mean higher electron density about the nucleus, and
can be rationalized by stronger solvent interactions. Shifted
bond polarization caused by either H-bonding or electrostatic
interactions can potentially also cause changes in chemical
shift — proton e is the proton closest to the nitrogen involved
in such bonding, only separated by two bonds, and this is thus
another plausible explanation. Electrostatic bonding of
acridinium to anionic sites may prevent deprotonation [11],
which in turn can slow the dynamics sufficiently for two peaks
to be observed. The NMR data gives no explanation to the
specific nature of the two observed adsorption sites, although
it is interesting to note that the additional acridine peaks are
not observed when the material is wetted with an acidic buffer
(Supporting Information), indicating that the additional peaks
are related to an adsorption site that is not present at lower pH.

Leaching of acridine was measured in distilled water
(Supporting Information). Following the three-step washing
procedure (see Methods), a small amount of powder was left
tumbling with water. The dispersion was centrifuged and the
supernatant analyzed for leached acridine. Within the first
hour, 8% of the original amount of acridine (after washing)
had leached. After six hours, 10% of the acridine had leached,
after which no measureable amount of acridine leaches the
following five days. Hence, the leaching is manageable in
terms of use in a sensor.

In conclusion, we have shown that the high sensitivity of
fluorescence lifetime to the chemical environment of a single
organic fluorophore, in this case acridine, can be exploited to
obtain a wide-range pH sensor. Similar to other methods for
widening the pH sensing range of optical pH sensors, such as
the use of multiple indicators or ionophores, or indicators with
multiple steps of acid dissociation, our method relies on the
presence of multiple components with different pK, values.
However, here the additional pK, components are associated
with the immobilizing matrix itself.

It should be noted that for a re-usable sensor based on this
principle, covering pH values lower than 4 and/or greater than
9, a polymer support should be applied due to degeneration of
silica at high/low pH. However, this study proves the
concept of applying pH mediated environmental changes
to adjust the sensing range of an organic fluorophore in an FL
based pH sensor.

Due to the high total change in fluorescence lifetime of
acridine between high and low pH, an acridine-based material
can be able to resolve relatively small pH changes over a broad
pH range. One limitation with the use of acridine is its sensi-
tivity to chloride, which quenches the fluorescence of proton-
ated acridine at chloride concentrations above about 20 mM
[11, 22]. However, semipermeable membranes such as
Nafion are able to protect the indicator from chloride [11].

@ Springer

Another fluorophore known for its long fluorescence
lifetime is pyrene, and pyrene derived indicators are
other potential candidates for fluorescence lifetime sen-
sors. Diethylaminomethyl pyrene has e.g. been shown to
have potential as a sensitive fluorescence lifetime pH sensor in
the past [23], and could be an alternative for acridine.
However, a drawback with pyrene derived indicators is their
high sensitivity to oxygen [7].
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