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Oxytetracycline (OX) and Doxycycline (DX) are antibiotics belonging to the family of

DOI: 20.1039/x0xx00000% tetracyclines. We present a UV-Visible steady state and time-resolved experimental study of

www.rsc.org] 0X and DX and their biologically active Mg** complexes loaded within a hydrogel matrix.
Hydrogels are a three dimensional network of worm-like micelles, mutually intertwined,
forming a pattern of hydrophobic domains and water pools. We resorted to a hydrogel, made of
a zwitterionic N-oxide surfactant (p-dodecyloxybenzyldimethylamine N-oxide, pDoAO),
which showed promising features as drug vehicle. The spectral and photophysical properties of
the drugs are significantly altered by the inclusion in the hydrophobic domains of the gel and
these variations are indicators of the permeation ratio of the drug in between the micelles
forming the gel network. We thus get a clear picture of the distribution of the drug molecules
and metal chelates into the two different kinds of environment, where the hydrophobic
domains are also able to cause a gel-induced deprotonation of these two drugs. Furthermore,
the amphoteric nature of the surfactant is responsible for its peculiar acid-base behaviour:
under acidic pH conditions, the surfactant gets protonated and the stability of the gel network
is damaged. This feature can be thus exploited for the pH controlled release of the tetracycline
drugs.

Introduction wormlike micelles."?*?! In this work, we resorted to a

zwitterionic amine N-oxide-surfactant (pDoAO) to form a
viscous gel in pure water.”? The morphological characterization
of the pDoAO hydrogel, carried out by means of Scanning
Electron Microscopy, revealed the presence of non-uniformly
distributed pores with an average diameter of 10 pm.”?
Rheology measurements were performed on aqueous solutions
of pDoAOQ: a typical behaviour of a viscoelastic material was
observed, with values of relaxation time and zero-shear
viscosity much larger than those observed with other
viscoelastic wormlike systems formed by amine-oxide
surfactants.?” Interestingly, pDoAO solutions exhibit these
properties without any kind of additive. Since the N-oxide
surfactant has a dissociation constant of 4.9, its three

Hydrogels are micro-heterogeneous systems used, among other
applications, as drug vehicles. This purpose is promoted by
their biocompatibility with human tissues (due to the high water
content) and their malleability.!? Hydrogels are complex
networks of covalent and non-covalent nanostructures (such as
polymer chains, peptide-based supramolecular structures or
micellar aggregates) made up of hydrophobic and hydrophilic
domains. Under specific experimental conditions ranging from
pH to temperature, from electrostatic to hydrophobic
interactions, polymer molecules, peptide or micellar aggregates
can interact to form a three dimensional network, in which
molecules are held together by chemical or physical forces.!™
As in the case of surfactant, it is well known that above their  4imensional network loses compactness at pHs < 4 (as revealed
critical micellar concentration they are able to self-assemble in by viscosity measurements and dynamic light scattering
water to form spherical micellar aggregates, but when the studies).”> This pH sensitivity is useful when the gel is
concentration is even higher the micelles give the so-called  oyploited as drug vehicles: it can swallow the desired drugs and
sphere to rod transition cpngs_llitlng in the gerwth pf the mlcellar carry them through the human body, where it delivers the
aggregates along one axis. These rpd—llke micelles interact  ,p¢ibiotics coming across specific pH conditions. For this
by means of npn—covalent interactions  (hydrogen .bonds, purpose, the biocompatibility of the surfactant is also of utmost
Coulomb Interactions, van der Waals forces, ...) fprmlng Fhe interest and clearly deeply required. Amine-oxide surfactants
macroscopic network known as hydrogel. Such medium, wlgcl}; are extremely appealing over their cationic counterpart due to
has the appearance and rheology behaviour of solids,™"  heir Jow toxicity and easier biodegradability.> Moreover, the
characterized by high viscosity and low mobility, is made up of  preaking response of their gel network to an increase in the
hydrophilic water pools surrounded by hydrophobic intertwined  ,cidity of the environment is desirable, being the inside of some
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cellular compartments characterized by low pHs compared to
the physiological pH of the blood plasma.’*2®

On the other hand, tetracycline drugs are a family of natural and
synthetic compounds which have been widely studied since
their discovery in the 1940s. Since then, their applications have
been spreading from the one as broad-spectrum antibiotics to
that as regulators of gene expression.””>' Even though some
bacteria have developed mechanisms of resistance to these
drugs,” their diverse applications make them still worth of
investigation. Moreover, tetracyclines show a complex acid-
base behaviour in aqueous solutions®*>*. For instance, it has
been demonstrated that the differently protonated forms of
Tetracycline (TC), Oxytetracycline (OX) and Doxycycline
(DX) have utterly different properties with respect to the
interaction with both biologically relevant cations®>>® (whose
complexes represent the active species against the bacterium)
and surfactant micelles®®*’ . TC, OX and DX have been already
investigated in our laboratories in the presence of an analogous
cationic quaternary ammonium surfactant p-
dodecyloxybenzyltrimethylammonium bromide (pDoTABrY),
whose micelles proved a smart supramolecular behavior.*>*°
Although no considerable interaction was found between TC
and these micelles, the latter are able to swallow the
zwitterionic OX and DX at pH 5.0, whereas the mono-anionic
OX and DX, prevailing at pH 8.9, interact strongly with the
micellar cationic surface. Furthermore, the addition of
magnesium cations triggers the release of the drug into the bulk
aqueous solution as metal-chelates ready to act against the
bacteria. It seems therefore worthy to develop the investigation,
including further organized media which can open up new
possibilities of smart drug delivery.

Thus, combining the features of the amphoteric amine-oxide
surfactant with that of the tetracycline drugs, a prototype of a drug-
vehicle system can be attained. The possibility of loading the
hydrogel with two molecules belonging to the family of
tetracyclines, namely OX and DX, has been investigated by means
of spectroscopic techniques and the results are described in this
paper. The spectral properties of DX and OX are widely known; they
are sensitive to the environment experienced by the molecule. The
changes in the absorption, emission and excited-state absorption
properties recorded for DX and OX demonstrate the inclusion of the
drugs within the hydrophobic domains provided by the hydrogel,
which in turn modulates the drug properties.

Experimental Section
Chemicals and Samples

Oxytetracycline dehydrate (OX) and Doxycycline hyclate (DX)
(Scheme 1) were used as purchased from Sigma-Aldrich (>
98% and > 97%, respectively), without any further purification.
Ethanol 95% (EtOH), methanol (MeOH) and glycerol (Gly)
were from Sigma-Aldrich and used without further purification.
The drugs were dissolved in buffered water (pH values of 2.2,
5.0 and 8.9) at concentrations ranging from slightly lower than
1-10° M for fluorimetric measurements to ten times greater for
all the other experiments. MgCl, anhydrous salt was furnished
by Fluka Solutions and dissolved in the buffers to provide stock
metal cation solutions at concentrations nearly 1 M at acidic
pHs and 4-102 M at basic pHs. Britton buffers were used to
achieve the desired pH values by titrating a mixture of acids
(H;BO; 0.04 M, H3PO,4 0.04 M and CH3;COOH 0.04 M) with a
0.2 M solution of NaOH. Deionized water was added to the
solutions in order to attain the same ionic strength of 5 mM for
all of the buffers.

2| J. Name., 2012, 00, 1-3
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Scheme 1. Molecular structure of the investigated tetracyclines.
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Scheme 2. Molecular structure of the
dodecyloxybenzyldimethylamine N-oxide (pDoAO).

surfactant  p-

The pDoAO zwitterionic surfactant (Scheme 2) was synthesized in
our laboratories.*' pDoAO is able to self-assemble in pure aqueous
solutions to form hydrogels at relative low concentration (0.05 M)
and thus, it was used at concentration 0.067 M to provide a viscous
environment for both the free molecules and their complexes with
Mg®*. In order to form a macroscopically homogenous hydrogel
matrix, solutions of pDoAO at 0.1 M concentration were prepared.
The gel, being thermoreversible, was then heated, up to 80° C, and
stirred, to liquefy and take 2 mL of the sample to be put in the
cuvette for the analysis. 1 mL of the solutions containing the drug
alone or together with Mg in proper ratios were then added into the
cuvette and homogenized with the hydrogel by means of further
heating. The samples were left overnight to rest and cool down to
room temperature to be ready for the spectroscopic analysis.

Photophysical Measurements

Steady—state absorption and emission spectra were recorded with a
Perkin Elmer Lambda 800 spectrophotometer and a Fluorolog-2
(Spex, F112AI) spectrophotofluorometer, respectively. The latter
gives back fluorescence emission spectra taking into account both
the monochromator response and the detector sensitivity.
Fluorescence quantum yields (experimental error of ca. 7%) were
determined from the emission spectra of samples whose absorbance
at the excitation wavelength was lower than 0.1, to have a linear
relation between the absorbance and the emitted intensity and avoid
self-absorption effects. Fluorescein, whose ®r has been previously
found to be 1 in pDoAO hydrogel at pH 9,% was used as a standard
to determine the quantum yields of the free drugs and their
complexes in this viscous medium.

The fluorescence lifetimes (tz) were measured by a
spectrofluorometer based on the single photon counting technique,
equipped for the systems under investigation with a LED source
centred at 370 nm using an interference filter centred at 366 nm in

This journal is © The Royal Society of Chemistry 2012
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the excitation line and a long-pass filter in emission at 488 nm. The
resolution time of the experimental set-up is 0.5 ns when a LED
source is used.*? All the data acquired were analyzed by IBH Data
Analysis software; the program allows to deconvolve the decay
profile of the source from the sample decay and provides the fitting
of the data, whose goodness is evaluated by means of residuals
distribution and the y* value.

The experimental setup for ultrafast spectroscopic and kinetic
measurements has been widely described elsewhere.*** Briefly, the
400 nm excitation pulses of ca. 40 fs were generated by an amplified
Ti:Sapphire laser system (Spectra Physics, Mountain View, CA).
The transient absorption set up (Helios, Ultrafast Systems, Sarasota,
FL) is characterized by temporal resolution of ca. 150 fs and spectral
resolution of 1.5 nm. Probe pulses for optical measurements were
produced in the 475-750 nm range by passing a small portion of 800
nm light through an optical delay line (with a time window of 3200
ps) and focusing it into a 2 mm thick Ti:Sapphire window to
generate a white-light continuum. The chirp inside the sample cell
was determined by measuring the laser-induced Kerr signal of the
solvent. The femtosecond time-resolved fluorescence spectroscopy
employs the wup-conversion technique (Halcyone, Ultrafast
Systems).*’ The femtosecond laser pulses (the 800 nm and its second
harmonic 400 nm) are generated by the same amplified mode-locked
Ti-sapphire laser system used in the transient absorption
experiments. The second harmonic, after passing through a half
wave plate, excites the sample. The remaining fundamental laser
beam passes through an optical delay line with a time window of
3200 ps and is then used as the “optical gate”. The fluorescence of
the sample is collected and focused onto a BBO crystal (1.5 mm
thickness) together with the delayed fundamental laser beam. The
up-converted fluorescence beam is focused into the entrance of a
monochromator by a lens, and it is detected by a photomultiplier
connected to a photon counter having an exposure time equal to 2 s
at each delay point. The resolution of the time-resolved fluorescence
equipment is about 250 fs, whereas the spectral resolution is 5 nm.
All the measurements were carried out under magic angle, in a 2 mm
cell and with an absorbance ranging from 0.3 to 1.0 at 400 nm. The
samples were kept in constant movement by a translational sample
holder (Ultrafast Systems) controlled by two NSC200 controllers
(Newport, Irvine, CA), for horizontal and vertical displacement
respectively, to prevent local photodegradation of the non-diffusing
medium. Transient absorption data were analyzed using the Surface
Xplorer PRO (Ultrafast Systems) and the Glotaran software.*® The
first allows one to perform Singular Value Deconvolution of the 3D
surface into principal components (spectra and kinetics) followed by
Global Analysis (giving lifetimes with an error of ~10% and Decay
Associated Spectra, DAS, of the detected transients).47 Glotaran was
used to perform the Target Analysis to carry out the global fit of the
acquired data and provided the Species Associated Spectra (SAS).*
Kinetic traces at chosen wavelengths were also analyzed by means
of the Maximum Entropy Method (MEM) by means of the
MEMEXP Software available online.*** In the Maximum Entropy
Method the experimental decay A(t) is fitted by the following
function:

A(t)=D, Td logr[g(log7)—h(log7)]x

min(t,t/) 3 (1)

[ drr@)e ™"+ (b, —c))

b k=0
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where g(logt) and h(logt) are the lifetime distributions that
correspond to decay and rise kinetics, respectively, D, is a
normalization constant, and the polynomial term accounts for the
baseline. The instrument response function R(t) is peaked at zero
time and is appreciable only in the interval [-to, t¢]. The fit procedure
entails the maximization of the function Q defined in equation (2):

0=S-AC-al @
In equation ), S is entropy defined as
SUf.F)= 2L, ~F, = f,In(f, | F))] (3)

where f is the image that includes both the g and the h lifetime
distributions, whereas F is the MEM prior distribution used to
incorporate prior knowledge into the solution. C is a measure of the
quality of the fit F to the data. When we analyzed the kinetic traces
of femtosecond transient absorption with normally distributed noise,
C was the ¥*. For Poisson-distributed data like those collected by the
single photon counting technique, C was the Poisson deviance. I is a
normalization factor; A and a are Lagrange multipliers. The method,
which is based on the simultaneous maximization of the entropy (S)
and minimization of C (2), gives back the distribution of lifetimes, as
well as the number of transients (family of distributions around an
average time) needed to describe the spectroscopic kinetics. These
distributions describe the probability of having different lifetimes.
The widths of the distributions are sensitive to the heterogeneous
microenvironment a molecule can experience in the sample.’*>!

Results and Discussion
Steady-state Absorption and Fluorescence Spectra

It is known that DX and OX undergo three consecutive
deprotonations in water at pKa values of 3.40, 7.70, 9.30,°2 and
3.27, 7.32, 9.11,% respectively. Therefore, four differently
protonated forms (cationic, zwitterionic, monoanionic and
bianionic) can be retrieved at equilibrium in water for both
molecules. DX and OX have been previously studied at four
distinct buffered pH values (i.e. roughly 2, 5, 9, 11) in order to
investigate the photophysical properties of each protonated
form.*®*® Moreover, it has been already proved by means of
fluorimetric titrations and ultrafast time resolved techniques
that no acid-base re-equilibration takes place in the excited state
of tetracyclines.*

The present study has been performed at pH values of 2.2, 5.0
and 8.9. At pH 2.2, the drugs are in their cationic forms while
the hydrogel loses its three-dimensional intertwined structure
due to its complete protonation (the pKa of pDoAO is 4.9). At
pH 5.0 and 8.9 the drugs are in their zwitterionic and mono-
anionic forms, respectively.

The visible absorption spectrum of the tetracycline drugs in
aqueous solution is characterized by a band centred in the
interval 345-375 nm whose maximum shifts depending on the
protonation state of the molecule; the fluorescence emission
spectrum shows a broad band whose maximum ranges from
600 nm for the protonated drug to 520 nm for the bi-anion
form, whose fluorescence quantum yield is one order of
magnitude higher than that of the protonated form (~107
instead of ~107%).3438
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Table 1. Absorption and fluorescence properties of DX, OX and their complexes with Mg*" at different pHs in pDoAO hydrogel ([pDoAO] =

0.067 M).
Aabs(NIM) Aem (NM) Stokes shift (cm™) Dy
pH system

solution | gel | solution | gel solution gel solution Gel

. DX 345 355 605 540 12500 9700 | 0.00038 | 0.012
22 OX 355 350 585 465 11700 7100 | 0.00063 | 0.035
DX 345 365 600 515 12300 8000 | 0.00049 | 0.010

5.0 DX-Mg*' 370 375 545° 520 8700 7400 | 0.0058" | 0.038
OX 355 360 585 465 11500 6300 | 0.00089 | 0.056
OX-Mg*' 370 371 530° 525 8200 7900 0.018" | 0.029

DX 365 371 540 495 8900 6800 0.0011 0.013

DX-Mg* 370 377 535° 505 8300 6700 | 0.011° | 0.11
8.9 OX 365 364 530 460 8200 5700 0.0021 0.079
OX-Mg*' 370 374 530° 520 7800 7500 0.016" | 0.069

“Data for the complexes with Mg”" at pH 2.2 could not be stored because of the precipitation of the surfactant, promoted by a salting out

phenomenon. °Emission maximum and fluorescence yield

The absorption and emission properties of DX and OX and
their complexes with Mg®" in pDoAO hydrogel are summarized
in Table 1, where the same properties in water are shown for
comparison. It is clear that when the drugs are in the gel the
Stokes shift reduces, whereas the fluorescence quantum yield
increases with respect to the values determined in water. This
evidence suggests the inclusion of the drugs in the hydrophobic
micro-environment of the gel. In particular, for free DX, the
effect of the viscous environment is clearly to red shift the
absorption spectrum as well as to blue shift the emission band
(Fig. 1), resulting in a significant reduction of the Stokes shift
for the free drug under all the pH conditions investigated. On
the other hand, OX shows an even more significant
hypsochromic shift of the fluorescence band (centred at
460-465 nm in the organized media), but its absorption
spectrum stays nearly unchanged at basic pHs and undergoes a
minor red shift at acidic pHs. The absorption band at basic pHs,
however, looks broader than the same in pure water, being
sensitive to the micro-heterogeneous environment provided by
the hydrogel (Fig. 1, bottom right-hand panel). From this
evidence the inclusion of the molecules in the hydrophobic
domain of the hydrogel is confidently inferred.*

As far as Mg®" complexes are concerned, we know from our
previous works that the complexation in aqueous solution is
responsible for an enhancement of the fluorescence quantum
yield and a reduction of the Stokes shift for both molecules.*®
The reason of this behaviour can be attributed to the formation
of a six-membered chelate ring structure with the metal ions,
with the consequent lack of excited state vibrational relaxation
through hydrogen bonding with the solvent. When the Mg>*
complexes are studied in the hydrogel medium, a further
reduction of the Stokes shift (due to a little bathochromic shift
of the absorption and a distinct hypsochromic shift of the
emission band) can still be revealed for both molecules with
respect to the analogous data retrieved in aqueous solution. The
Stokes shift reduction induced by the gel is smaller for the
complexes rather than for the free substrates. This evidence
suggests the free molecules are more easily enclosed inside the
hydrophobic domains than the metal chelates, because the latter
are electrically charged and thus allied to the polar and
dielectric aqueous pools, as clearly demonstrated by time
resolved investigation (see below).

4| J. Name., 2012, 00, 1-3
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Figure 1. Absorption spectra of DX (upper panel) and OX (lower
panel) (~ 1 x 10 M) in water (dashed lines) and in gel ([pDoAO] =
0.067 M) at pH 5.0 (left) and at pH 8.9 (right) alone (black lines) and in
the presence of Mg”" in concentration 0.08 M at pH 5.0 and 0.003 M at
pH 8.9 (red lines).
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Figure 2. Emission spectra of DX (upper panel) and OX (lower panel)
(~ 1 x 10° M) in gel ([pDoAO] = 0.067 M) at pH 5.0 (left) and at pH
8.9 (right) alone (black lines) and in the presence of Mg®" in
concentration 0.08 M at pH 5.0 and 0.003 M at pH 8.9 (red lines).
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The changes revealed in the fluorescence quantum yield help to
understand the effectiveness of the substrate permeation within
the swollen matrices. In fact, both free drugs and their Mg*'-
complexes show an enhanced fluorescence efficiency with
respect to what was previously observed in solution,
supposedly due to the confinement of some molecules in a less
polar and more viscous environment, which is able to foster the
emission deactivation pathway over the non-radiative ones.**
Free DX undergoes a fluorescence enhancement with respect to
its emission in water of 10-30 times at different pHs; a similar
trend is revealed for free OX, but this time the increase is over
50 times at acidic pHs and nearly 40 times at pH 8.9.
Comparing the two molecules, one can deduce a much greater
affinity of OX for the gel: its fluorescence properties in this
hydrophobic and viscoelastic medium are indeed greatly
altered.

In order to associate the fluorescence enhancement to the
physical properties of the organized medium, emission quantum
yields of DX and OX in some solvents characterized by
different polarities and viscosities have been evaluated. The
results obtained in ethanol, methanol and a methanol/glycerol
mixture compared with those obtained in water are shown in
Table 2. The fluorescence efficiency for both drugs decreases
upon increasing the solvent polarity (on going from ethanol to
water) and increases significantly upon increasing the solvent
viscosity (on going from methanol to a methanol/glycerol
mixture). The changes in the fluorescence quantum yields
induced by the hydrophobic and viscoelastic gel are therefore
likely due to a combined polarity and viscosity effect for both
molecules.

Table 2. Fluorescence quantum yields of DX and OX in solvents of
different polarity and viscosity.

Compound | Solvent [
EtOH 0.0042
DX MeOH 0.0035
MeOH/Gly 50/50 0.012
Water 0.0011
EtOH 0.0094
OX MeOH 0.0048
MeOH/Gly 50/50 0.015
Water 0.0021

The two molecules show a diametrically opposite behaviour
when their complexes are considered: the fluorescence of DX-
Mg?" chelate increases by nearly one order of magnitude with
respect to the same system in water; on the other hand OX-
Mg?* chelate emission increases only by a factor of 2+4. The
complexes permeation within the micellar gel is therefore
greater in case of DX than in that of OX.

All these spectroscopic variations confirm a greater affinity of
free OX for the hydrophobic domains with respect to DX, but
also a more efficient inclusion of DX-Mg?* complexes rather
than OX-Mg?" chelates, which is quite impressive taking into
account the extremely similar structures of the two molecules.
In fact, both free drugs are effectively loaded into the gel phase
(as the time resolved spectroscopic study proved, see below);
the greater alteration of the properties of OX induced by the
inclusion into the matrix must be therefore due to a specific
interaction of free OX with the pDoAO surfactant. This
interaction supposedly involves a hydrogen bond between the
additional —OH group (in the Rj3 position) characterizing OX
with respect to DX and the negatively charged oxygen of the
amine-oxide surfactant. When the magnesium complexed DX
and OX are considered, we are dealing with a much more

This journal is © The Royal Society of Chemistry 20142
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complicated system for which a clear rationalization is very
difficult. However, we can speculate that the interaction with
magnesium interferes with the specific interaction of OX and
the surfactant leading to a more efficient inclusion in the gel
phase of the chelates of the less hydrophilic DX.

Time-resolved Fluorescence Properties

The fluorescence kinetics describing the deactivation of the
excited state of DX and OX in pDoAO hydrogel was
successfully measured by means of the ns-resolved TC-SPC
technique. In fact, because of the small quantum yields and the
resulting fast deactivation times (tens of ps for the free
molecules and a few hundreds of picoseconds for the metal
chelates), this kind of measurement is not feasible for
tetracyclines in water, but it becomes a valuable investigation
tool in organized media, that usually slow down the
deactivation of the excited states.”

The results obtained by fitting the kinetic traces with
exponential functions characterized by the least-squares method
are listed in Table 3. Two components are always needed in
order to well reproduce the deactivation profile: one is
characterized by a time constant close to the time resolution of
the instrumentation (~0.5 ns), whereas the other component is
much longer (ranging from 1.5 ns in the case of some
complexes with magnesium to 3.4 ns in the case of free OX).
Once again, the two molecules show a different behaviour both
as free molecules and as metal chelates. The relative amplitudes
of the two components are indeed revealing: the emission of
free DX exhibits roughly the same contribution arising from the
two components, whereas free OX deactivation is dominated by
the longer component. These findings are in agreement with the
steady state measurements, which revealed greater spectral
changes induced by the gel in the case of free OX rather than in
the case of free DX. However, the appearance of decay times
on the sub-nanosecond and nanosecond time scale for the free
drugs studied in hydrogel, much longer than the one detected in
pure aqueous solution (around 20 ps), is undoubtedly due to
molecules confined in the hydrophobic domains of the gel. The
two emitting components are therefore likely due to two
different tautomeric forms of the drugs, both embedded in the
gel phase.

On the other hand, when one is dealing with the Mg”'-
complexes, the prevailing component is the longer one in the
case of DX, vice versa for OX: after all, even the steady-state
fluorescence properties of DX complexes were more greatly
altered by the gel than those of OX complexes. In order to try
an assignment of these two components, analogous
measurements were carried out on the same complexes in water
and in the presence of the surfactant at high temperature before
the gelification had taken place. The kinetics acquired with the
TC-SPC technique were analyzed by means of the MEM
method, whose results are shown in Figure 3. Comparing the
three profiles one can deduce a clear broadening of the time
distributions on going from the homogenous aqueous solution
to the more complex gel medium: in pure water all the
molecules experience the same environment and their
deactivation time is well-defined (black trace); as long as the
solution is still fluid (red trace) the time distribution becomes a
little broader, though it is still centred at a time close to the one
detected in water (~0.5 ns). When the gel network is formed
and a major micro-heterogeneity is attained in the sample, the
distribution becomes much broader and a tail in the case of OX-
Mg?* (Fig. 3 upper graph) and a proper band in the case of DX-
Mg”* chelates (Fig. 3 lower graph) appear in the profile. As the
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simple exponential fitting pointed out, a second time is needed
to well reproduce the decay of the fluorescence in the pDoAO
gel and the MEM analysis revealed its contribution at times
longer than 1 ns, accordingly. Such long-living component,
arising only after the gelification occurred, must be related to
those Mg*'-complexed molecules able to permeate the gel

Chemical Physics

network and be swallowed by the hydrophobic matrix. The
greater weight of the longer living component of DX-Mg**
complexes pointed out by the exponential fitting and confirmed
by the MEM analysis is an indicator of their more favourable
inclusion in the gel phase.

Table 3. Fluorescence lifetimes (obtained by using the ns-resolved TC-SPC technique) and relative amplitudes of DX, OX and their complexes

with Mg?" in pDoAO hydrogel ([pDoAO] = 0.067 M) at different pHs.

pH

2.2 5.0

System

deionized-H,O

8.9

relative relative

T (ns) T (ns)

amplitude amplitude

T (ns)

relative assignment

relative
T (ns)

amplitude amplitude
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Figure 3. Results of the MEM analysis of the fluorescence decay
kinetics acquired by means of the TC-SPC technique for OX-Mg”'
(upper graph) and DX-Mg*" (lower graph) in solution (black trace) and
in pDoAO before and after the gelification, (red and green traces,
respectively).

6 | J. Name., 2012, 00, 1-3

The kinetic behaviour of the two molecules was also
investigated at pH 2.2, where the hydrogel loses its
compactness and it is thus likely to release the drugs into the
bulk aqueous solution to a certain extent. In order to reveal
those molecules expected to be dissolved in water, the ns-
resolved TC-SPC technique does not have the needed time
resolution and a femtosecond resolved equipment is therefore
required. Fluorescence up-conversion measurements were
performed on DX and OX at pH 2.2. Data were collected at
wavelengths chosen in order to match the emission maxima of
the steady-state fluorescence spectra in gel and in solution
(Figure 4 and Table 4). The kinetics of OX is well reproduced
by means of five components whose time constants are 7,=0.40
ps (S), 1,=2.0 ps (S’), 1:=26 ps (M), ©,=280 ps (L) and
15=3400ps (L’), the last one fixed in agreement with the TC-
SPC measurements. The two longer-lived transients (L and L”)
are assigned to the two species commonly observed in the gel
phase; the shortest components (S and S’) are likely due to
solvent reorganization and/or vibrational cooling phenomena,
and the M component is supposedly associated with the
anticipated molecules in the aqueous phase. As for OX, the
measurements for DX were performed at about 500 and 600
nm, in correspondence to the two maxima of DX in gel matrix
and water, respectively. The kinetics are well-fitted by
exponential functions with five components. The two shortest
components with 1,=0.41 ps and 1,=1.9 ps as lifetimes, are due
to solvent re-equilibration and vibrational relaxation too. The
longest components with time constants of 440 and 3100 ps, are
relative to the emitting states. Finally, the fifth component with
a lifetime of 53 ps is much longer than the S, state of the DX
drug previously observed in aqueous solution (t~14 ps).* The
53 ps lifetime is also shorter than the times detected for
molecules in the hydrogel phase. Spectral information
associated to kinetics data, acquired by femtosecond transient
absorption measurements, become therefore crucial for a
straightforward assignment of this unexpected component (see
next paragraph).

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Fluorescence decay kinetics recorded by the up-conversion
technique for DX (upper panel) and OX (lower panel) in gel at pH 2.2
(black traces) and their fitting (green and red traces, respectively).
Insets: zoom in on the first part of the kinetics traces.

Table 4. Fluorescence lifetimes (obtained by using the fluorescence up-
conversion technique) of DX and OX in gel at pH 2.2.

pH system T(ps) assignment
0.41 Solv;
1.9 Solv.q /VC
DX 53 Si(DX) non-gel
440 Si(DX;) gel
- 3100 S1(DX5) gel
0.40 Solv,;
2.0 Solv.q /VC
OX 26 S1(0OX) non-gel
280 S1(0X;) gel
3400 S1(0X5) gel

Femtosecond Transient Absorption

To get a deeper insight on the relaxation dynamics of DX and
OX as both free molecules and Mg**-chelates, in gel at different
pHs, we performed femtosecond transient absorption
experiments.

Except for pH 2.2 which will be discussed aside because of its
peculiarity, the transient spectrum evolution, acquired over a
time window of about 3200 ps after excitation of the sample at
400 nm, shows two main contributions: a broad region of
negative signal centred around 550-575 nm spectral range
(depending on the system) that is stimulated emission, and a
transient absorption signal (not always clearly detectable)
above 650 nm (Fig.s 5 and 6, panels B). The 3D-data sets were
analyzed by the Global Analysis and Target Analysis fitting
procedures, while single wavelength decays by the Maximum
Entropy Method (MEM), in order to be confident of the number
of transients deduced and their time constants.

The results of the Target Analysis are listed in Table 5 and
shown in Figures 5 and 6, panels C, in the case of free DX at
pH 5.0 and 8.9, respectively.

As far as free molecules are concerned, under both pH
conditions the data are described by five transients. The rest
absorption is attributed to the triplet state of the molecule
formed by intersystem crossing.** The two shortest components

This journal is © The Royal Society of Chemistry 20142
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(hundreds of femtoseconds and few picoseconds, respectively)
are similar to the same components detected in water (which is
still largely present in the gel) and assigned to solvent
equilibration phenomena accordingly.’® Yet, the one with a
time constant of few picoseconds, that is longer for DX rather
than OX and it slows down at pH 8.9, must account for some
contribution of the vibrational cooling; in fact, the longer the
time constant, the more red-shifted the spectrum respect to
excitation wavelength of 400 nm.

The longest transients are characterized by a broad negative
band of stimulated emission and decay times close to those
detected by TC-SPC. Therefore, they are attributed to the same
emitting species.

T T 0.018
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Figure 5. Pump-probe absorption spectroscopy of DX in gel at pH 5.0
(Aex= 400 nm; [pDoAO] = 0.067 M): A) contour plot of the
experimental data; B) time resolved absorption spectra recorded at
increasing delays after the laser pulse (the very first spectra and the last
one are represented by ticker lines). Insets: decay kinetics recorded at
meaningful wavelengths and C) amplitudes of the SAS obtained by
Target Analysis.

If we look at the SAS (Species Associated Spectra) at the two
pHs, it emerges that there are no differences. Moreover, the
positions of the bands at pH 5.0, compared to the same results
in pure aqueous solutions, are significantly blue-shifted with
respect to that of the zwitterion (A = 675-690 nm), getting
closer to those of the two tautomers of the monoanion form of
tetracyclines. It is therefore likely that at pH 5.0 the zwitterionic
drug experiences a gel induced deprotonation, which promotes
the presence of the monoanion even under acidic pH
conditions. The possibility of an apparent change of the acidity
of the whole sample was ruled out by checking the pH of the
bulk gel medium after the gelification had taken place.
Nonetheless, a careful analysis of the transient spectral shapes
of both DX and OX at pH 5.0 reveals a shoulder at longer
wavelengths (A > 650nm) in the region of the stimulated
emission previously detected for the zwitterionic form of the
tetracycline molecules (Figure 5, panel C). The existence of a
certain amount of molecules in the zwitterionic form has to be
invoked, thus explaining the persistent slight changes of the
steady-state spectral properties still found between pH 5.0 and
8.9. The two transients, however, can be nothing else but the

J. Name., 20142, 00, 1-3 | 7 |
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two tautomers of the monoanion already detected in pure water
solution and in the presence of cationic pDoTABr micelles at
pH 8.9, although their time constants are increased by the
viscous environment provided by the gel. Once again, as in the
case of the micellar solution, the organized medium shifts the
tautomeric equilibrium towards the longer-lived species, as it is
also confirmed by the MEM analysis performed on the data of
DX at pH 8.9, shown in Figure 7 in comparison to the same

Independently of the molecule, the abundance of the longer-
lived tautomer is larger than in water, but in spite of the relative
amplitudes found in the TC-SPC experiments, there is no
significant variations between DX and OX: the greater
contribution of this ns-living transient and the greater effect on
the emission properties in the case of OX, may be due to the
intrinsic higher fluorescence quantum yields of this tautomer,
whose decay time is also longer (~ 3 ns).

Page 8 of 12

results obtained in aqueous solution.

Table 5. Spectral and kinetic properties of the excited states of DX, OX and their complexes (1:1 and 1:2) with Mg®" in pDoAO hydrogel at

different pHs (Aexe=400 nm) obtained by Target Analysis.

pH system T(ps) A(nm) assignment
0.21 525(-), 675(+) Solv,;
6.1 545(-), 695(+) Solv.q /VC
DX 120 540(-) S; (DX1) gel
2900 | 570(-), 690(+) S; (DX2) gel
Inf 575(+) T,
0.19 525(-), 625(+) Solv.
13 530(-) S; (1:1A) water
DX-Mg*' 260 555(-) Si (1:2A,BCD) water
1800 555(-) Si (1:2A,BCD) gel
50 Inf 595(+) T,
<0.1 540(—), 675(+) Solv,;
2.8 545(—), 680(+) Solv.q /VC
OX 79 555(-) S; (OX1) gel
3000 | 575(-), 690(+) S; (0X2) gel
Inf 580(+) T,
0.17 | 520(—), >575(+) Solv.
19 530(-) S; (1:1A) water
OX-Mg*' 310 555(-) Si (1:2A,BCD) water
1700 560(-) Si (1:2A,BCD) gel
Inf 605(+) T,
0.23 525(-), 680(+) Solv,;
7.4 540(—), 700(+) Solv.q /VC
DX 110 535(-) S; (DX1) gel
2400 | 565(-), 700(+) S; (DX2) gel
Inf 580(+) T,
0.20 510(—), 630(+) Solv.
DX-Mg?" 100 540(—), 710(+) | S; (1:1BCD/1:2BCD,BCD) water
1700 | 550(-), 700(+) Si (1:1BCD/1:2BCD,BCD) gel
Inf 590(+) T,
8.9 0.50 535(-), 680(+) Solv,;
4.0 555(=), 700(+) Solv.q /VC
(0D, ¢ 110 550(-), S; (OX1) gel
2900 | 570(—), 690(+) S; (0X2) gel
Inf 580(+) T,
0.17 505(—), 600(+) Solv.
12 540(—) Si (1:1A) water
OX-Mg*" | 200 550(-) Si (1:2A,BCD) water
1600 560(-) S; (1:2A,BCD) gel
Inf 560(+) T,

8 | J. Name., 2012, 00, 1-3
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Figure 6. Pump-probe absorption spectroscopy of DX in gel at pH 8.9
(Aexe= 400 nm; [pDoAO] = 0.067 M): A) contour plot of the
experimental data; B) time resolved absorption spectra recorded at
increasing delays after the laser pulse (the very first spectra and the last
one are represented by ticker lines). Insets: decay kinetics recorded at
meaningful wavelengths and C) amplitudes of the SAS obtained by
Target Analysis.
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Figure 7. Results of the MEM analysis of the femtosecond transient
absorption kinetics at 508 and 515 nm for DX at pH 8.9 in aqueous
solution and in pDoAO hydrogel, respectively. The red and black
distributions represent growth and decay contributions, respectively.

Measurements at severely acidic pH were performed on both
molecules. The data are shown in Figure 8 for DX and
summarized in Table 6, where the same data collected in pure
aqueous solution at the same pH value of 2.2 are listed for
comparison. The spectral evolution is noticeably different from
that revealed at the other pHs and characterized by the
formation of a broad negative signal of stimulated emission
centred at about 600 nm, rising during the first picoseconds
after the excitation laser pulse with a shoulder at longer
wavelength (Figure 8, inset panel B). The latter shows a rather
fast decay, while the minimum of stimulated emission shifts
towards the hypsochromic part of the spectrum, being centred
at about 570 nm by the end of the temporal scan of 3200 ps
(Figure 8 panel B).

The lifetimes retrieved by means of the Global Analysis and
those of the Target Analysis are in fair agreement with the up-
conversion results (Figure 4), but, giving out the spectral shapes
of the diverse transients in addition to their time constants, they

This journal is © The Royal Society of Chemistry 20143
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are extremely helpful for the interpretation of the data. The two
longer lived transients, with time constants of hundreds and
thousands of ps, are described by negative bands centred at
about 600 and 570 nm, respectively, and again assigned to the
two tautomeric forms of the deprotonated drug trapped in
between the persistent gel network. The short component is
typical of a sub-picosecond solvent reorganization. The
transient of tens of picoseconds, missing at higher pH values,
has a spectral shape typical of the zwitterionic or cationic
prototropic forms of the tetracycline drugs in solution, with
stimulated emission characterized by a minimum at about 700
nm and a shoulder around 600 nm, and transient absorption at
shorter wavelengths. Nonetheless, its time constant is 20 ps for
OX and approximately 60 ps for DX. The first is fairly close to
the time retrieved for cationic OX in solution and thus assigned
to the S, state of those molecules released in water, but the time
constant of DX does not match its counterpart in aqueous
solution, as the data of fluorescence up-conversion have already
pointed out. Its lifetime is lengthened with respect to the pure
aqueous medium, but its spectral shape is not affected: this
evidence recalls the behaviour assumed by DX in the presence
of the cationic micelles of the analogous ammonium surfactant
pDOTABr.* In fact, pDoAO is protonated at pH 2.2 and its
micelles, though less likely to form a firm hydrogel, are still
present in the sample. DX, which had already proven its
efficient inclusion in the cationic pDoTABr micelles at acidic
pHs, is probably swallowed by the cationic pDoAOH micelles
as well, with the resulting lengthening of the S, lifetime with
respect to the solution.
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Figure 8. Pump-probe absorption spectroscopy of DX in pDoAO at pH
2.2 (Aex= 400 nm; [pDoAO] = 0.067 M): A) contour plot of the
experimental data; B) time resolved absorption spectra recorded at
increasing delays after the laser pulse. Insets: spectra recorded during
the first 10 ps after the laser pulse and C) amplitudes of the SAS

obtained by Target Analysis.

The greater affinity of OX for the organized medium is indeed
lost when the surfactant gets protonated: in this case a
preferential inclusion of DX in the micelles resulting from the
disruption of the viscoelastic gel is observed. In order to
corroborate this hypothesis, time-resolved fluorescence
measurements were carried out under the same acidic

J. Name., 2014, 00, 1-3 | 9 |
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conditions in the presence of cationic pDoAOH surfactant with
its concentration above the c.m.c. but far below the gelification
limit: in the case of OX its inclusion within the micellar
aggregate is ruled out by the detection of the typical time of the

tetracycline drugs in water (~20 ps), whereas in the case of DX
the time constant of about 50 ps supposedly implies its
permeation inside the micelles.

Table 6. Spectral and kinetic properties of the excited states of DX and OX in aqueous solution and in pDoAO at pH 2.2 (Aexc=400 nm; [pDoAO] =

0.067 M) obtained by Target Analysis.

solution Gel
pH | system assignment
A (nm) T(ps) A (nm) T(ps)
<665(+), 740(-) | 0.30 660(+) 0.67 Solv.
<585(+), 685(-) 13 S1(DX) water
DX <600(+), 700(-) 65 S1(DX) micelle
- 580(-), 750(+) 300 Si(DX;) gel
- 575(-) 3100 Si(DX,) gel
22 670(+) 0.36 500(+) 0.72 Solv.
<585(+), 680(—) 18 650(-) 20 S1(0OX) water
OoX 600(—) 500 S1(0X) gel
590(-) 3400 S1(0Xy) gel
700(+) Inf T:1(0X)

As far as the complexes with Mg?* studied at pH 5.0 and 8.9 are
concerned (Table 5), the two longest transients, except for the
rest absorption, must be the same emitting species revealed by
means of the ns-resolved TC-SPC technique. Their lifetimes are
hundreds of picoseconds and some nanoseconds, respectively.
According to analogous measurements carried out on the parent
molecule TC,* these two species should be assigned to the
complex with magnesium in stoichiometry 1:2 drug:metal ion,
which is largely predominant in the sample given the
concentrations used in the various experiments.*® Their spectral
shapes are rather similar, and the significant difference in the
lifetime must arise from the different environment experienced
and therefore reflected by the two transients: the water pools
and the hydrophobic domains, respectively. Comparing DX and
OX, one can deduce a greater contribution for the longer-lived
transient, and thus for those molecules in the gel phase, in the
case of DX: the lifetime of the metal chelates in the
hydrophobic domains (1600—-1800 ps) is almost independent of
the molecule structure, but their relative amplitude in the case
of the calculated SAS as well as in the case of the TC-SPC
measurements is more significant for DX rather than for OX, in
agreement with the larger fluorescence quantum yields
evaluated for DX-Mg?" rather than for OX-Mg?" complexes.
All of this evidence pointed out a peculiar behaviour of the two
molecules and their complexes. Both free drugs are efficiently
swallowed by the hydrophobic gel network, as revealed by the
appearance of two long-lived transients missing in pure water.
On the other hand, the protonation of the surfactant or the
complexation of the drugs with magnesium are responsible for
a significant release in the aqueous domains, especially in the
case of OX. Moreover, as far as metal chelates are concerned,
their distribution between the water and gel phase can be
elucidated by the relative amplitudes of the two longer
transients revealed by means of femtosecond transient
absorption measurements and supported by time-resolved
fluorescence data.

Conclusions

The loading of a zwitterionic amine oxide (pDoAO) hydrogel matrix
with OX and DX tetracycline drugs was found to be extremely

10 | J. Name., 2012, 00, 1-3

efficient under mildly acidic and basic pH conditions. The spectral
and emission properties of DX and OX, sensitive to the polarity and
viscosity of the medium experienced, are altered by the gel in the
same way as it was previously found for the analogous cationic
surfactant (»pDoTABr) micelles,” in agreement with the confinement
of the molecules in a strongly restrained and hydrophobic
environment of the gel.

Differently from pDoTABr micelles, for which DX showed a greater
affinity, pDoAO hydrogel was found to better swallow the OX drug.
Moreover and unlike cationic micelles, whose capability of
absorbing the drug was related to the prototropic form of the latter,
the investigated hydrogel proved to be able to modulate the acid-
base behaviour of the drugs: thanks to femtosecond transient
absorption results, which appear to be quite alike at pH 5.0 and pH
8.9, a gel induced deprotonation of the zwitterionic tetracyclines was
then deduced.

As far as pH 2.2 is concerned, it is well-known that severely acidic
pHs are responsible for the protonation of the zwitterionic
amphoteric surfactant forming the hydrogel, thus affecting the
stability of the three dimensional gel network.”® This phenomenon
can be exploited for the controlled release of the drugs under acidic
pH conditions. Such property, if combined with a pH oscillator, may
be exploited to produce pulsating drug delivery devices® and
artificial glands rhythmically realising hormones.*® In addition to a
loss of compactness, visible to the naked-eye, the release of DX and
OX into the bulk aqueous solutions was detected again thanks to
time resolved techniques. In particular, femtosecond transient
absorption and fluorescence up-conversion reveal the presence of a
transient assignable to some molecules dissolved in water, in the
case of OX, or inside the resultant cationic micellar aggregate, in the
case of DX.

On the other hand, the chelation with Mg®" cations causes a clear
distribution of the complexes between the two phases: the
hydrophobic micellar network and the basically aqueous pools. This
time, the Maximum Entropy Method (MEM) analysis was the added
value to the interpretation of the data: thanks to this powerful means
of analysis, it was possible to distinguish two families of times,
assigned to molecules in the two utterly different micro-
environments, and their distribution around an average time. The
width of the distribution is extremely sensitive to the heterogeneity
of the medium and a great deal of information can be thus obtained

This journal is © The Royal Society of Chemistry 2012
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out of it. Therefore, the complexation with magnesium cations
proved as a valuable strategy to pull the drugs out of the
hydrophobic matrix of the gel, being able to induce a controlled
release of the active species against the bacteria, just like what was
previously observed in the case of the cationic pDoTABr micelles.*’

These findings, gained by means of “state of the art” spectroscopic
techniques and a careful analysis of the data acquired, revealed the
potentiality of the pDoAO hydrogel as a drug vehicle for the
tetracycline molecules and hopefully for other drugs.
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