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Abstract: Porphyrinic compounds are widespread in nature and play key roles in biological pro-
cesses such as oxygen transport in blood, enzymatic redox reactions or photosynthesis. In addition,
both naturally derived as well as synthetic porphyrinic compounds are extensively explored for
biomedical and technical applications such as photodynamic therapy (PDT) or photovoltaic systems,
respectively. Their unique electronic structures and photophysical properties make this class of
compounds so interesting for the multiple functions encountered. It is therefore not surprising
that optical methods are typically the prevalent analytical tool applied in characterization and pro-
cesses involving porphyrinic compounds. However, a wealth of complementary information can
be obtained from NMR spectroscopic techniques. Based on the advantage of providing structural
and dynamic information with atomic resolution simultaneously, NMR spectroscopy is a powerful
method for studying molecular interactions between porphyrinic compounds and macromolecules.
Such interactions are of special interest in medical applications of porphyrinic photosensitizers
that are mostly combined with macromolecular carrier systems. The macromolecular surrounding
typically stabilizes the encapsulated drug and may also modify its physical properties. Moreover, the
interaction with macromolecular physiological components needs to be explored to understand and
control mechanisms of action and therapeutic efficacy. This review focuses on such non-covalent
interactions of porphyrinic drugs with synthetic polymers as well as with biomolecules such as
phospholipids or proteins. A brief introduction into various NMR spectroscopic techniques is given
including chemical shift perturbation methods, NOE enhancement spectroscopy, relaxation time
measurements and diffusion-ordered spectroscopy. How these NMR tools are used to address
porphyrin-macromolecule interactions with respect to their function in biomedical applications is
the central point of the current review.

Keywords: porphyrin; NMR spectroscopy; interaction; phospholipids; proteins; nucleic acids; drug
delivery; polymer; cyclodextrin; surfactant; micelles

1. Introduction

Porphyrinic compounds stand out among the organic molecules found in nature
due to their unique properties associated with their common scaffold, a planar macro-
cycle consisting of four pyrrole rings linked by methine bridges [1]. The tetrapyrrole
ring system forms a cavity that can accommodate many different metal ions, typically
forming bidentate complexes that give rise to the widespread metalloporphyrins [2,3].
It is remarkable that a wide range of living systems including animals, plants and mi-
croorganisms make use of this common concept for fulfilling key functions in biological
processes [4-6]. The major classes of naturally occurring porphyrinic compounds can be
subdivided into porphyrins (I) in a narrower sense (often the whole group of porphyrinic
compounds is referred to as porphyrins), chlorins (II), bacteriochlorins (III), and corrins
(IV) (Figure 1) [3,4]. Heme forms the iron complex of protoporphyrin IX (PPIX) and its
protein complex hemoglobin is the major constituent of red blood cells, imparting them
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their red color. The ability of hemoglobin and myoglobin to bind molecular oxygen plays
an important role in oxygen transport and storage in living systems. Heme also functions
as cofactor or prosthetic group in a vast number of hemoprotein-based enzymes such as
the cytochromes that are involved in electron transfer and catalytic reactions [7,8]. Chlorins
are partly reduced dihydro-porphyrins and their magnesium complexes form the core
structure of chlorophylls, rendering the green color to plants [4]. The chlorophylls are part
of the light-harvesting complexes of all photosynthetic organisms and thus fulfill one of
the most important functions in life with their ability to use solar energy and transferring
it to reaction centers so that molecular oxygen can be formed [9,10]. In bacteriochlorins,
two opposite pyrrole rings are reduced, leading to tetrahydro-porphyrins (two adjacently
reduced pyrrole rings yield isobacteriochlorins). They are part of bacteriochlorophylls in
anoxygenic phototropic bacteria in the form of their Mg or Zn complexes [9,11]. Finally, the
corrins have to be pointed out as modified tetrapyrroles whose Co(Ill) complexes forming
vitamin B12 (cobalamin) are part of key metabolic enzymes [12].

() () (V)

(Vi) Q (vin)

Figure 1. Structures of porphyrins (I), chlorins (II), bacteriochlorins (III), corrins (IV), tetraphenylporphyrins (V), phthalo-
cyanines (VI), texaphyrins (VII), and corroles (VIII).

The many different aspects of porphyrins such as synthesis, coordination chemistry,
biochemistry, and applications have been compiled in a detailed compendium of numerous
volumes devoted to this class of compounds, “The Porphyrin Handbook” [13]. Owing to
their unique electronic structures, redox-, photochemical and photophysical properties,
porphyrinic compounds have gained much interest in a broad range of applications in
technology and biomedicine. Technical applications mainly rely on the capability of
porphyrins for energy conversion, making them attractive materials for photovoltaic
systems, photocatalysts and energy storage systems [14-16].

The most prevalent applications of porphyrinic compounds can be found in the
biomedical field [17-19]. This is mainly due to the fact that porphyrins combine many ad-
vantageous properties such as light absorption in the visible and near-infrared wavelength
region, intense fluorescence, ability to form toxic singlet oxygen from excited electronic
triplet states following light irradiation (phototoxicity), preferential accumulation in tumor
tissue, low dark toxicity, stability under physiologic conditions, and their ability to form
complexes with various metal ions [20,21]. In addition, the tetrapyrrolic scaffold offers
many possibilities for structural modifications, for example by introducing side chains
onto the macrocycle, different metal ions into the core and expanding or reducing the ring
system in order to tune the properties according to the desired features [22,23]. In addition
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to the naturally derived porphyrinic compounds given in Figure 1 (I-IV), the classes can
be expanded towards modified synthetic derivatives such as the tetraphenylporphyrins
(V) [24], phthalocyanines (VI) [25], porphyrins with extended ring systems such as texa-
phyrins (VII) [26], and corroles (VIII) [27] (Figure 1). Porphyrin-based drugs are used in
both therapeutic and diagnostic areas [19]. For many decades now, the phototoxicity of
porphyrins has been used in photodynamic therapy (PDT) of various oncologic and non-
oncologic diseases [28] and PDT is the most important medical application of porphyrins to
date. In PDT, the phototoxic reaction that leads to a selective tissue destruction is based on
the formation of singlet oxygen and reactive oxygen species (ROS) via light excitation of the
porphyrinic photosensitizer (PS) in the target tissue [21,29]. The same mechanism is also
applied in the treatment of inflammations inactivating microorganisms in antimicrobial
PDT [30,31]. Photodynamic diagnosis (PDD) measures the fluorescence of the PS enriched
in tumor tissue or lesions [32-34]. Further imaging techniques make use of specific para-
magnetic or radiolabeled metalloporphyrins as contrast agents for magnetic resonance
imaging (MRI) [35,36], and positron emission tomography (PET) [37,38] or near-infrared
(NIR)-absorbing porphyrins for photoacoustic imaging (PAI) [39,40] of tissue. Concomitant
with the development of multimodal drugs, more recently, porphyrins are investigated as
potential theranostics combining therapeutic and diagnostic functions [19,41,42]. Finally,
the application of porphyrinic compounds in drug delivery should be mentioned in con-
nection with the design of smart, stimuli-responsive platforms for controlled drug release.
This includes for example photochemical internalization (PCI) [43,44] or porphyrin-based
metal-organic frameworks (MOFs) [45]. Nanoplatforms have become an inevitable part
in the application of porphyrinic drugs for solubilization, enhancing their efficiency and
in vivo stability, and for passive and active tumor targeting [46—49]. Different strategies
are applied in drug delivery of porphyrinic compounds, ranging from chemical binding to
carrier or targeting molecules to physical entrapment into nanoparticles (NPs). Suitable
NPs approved or under investigation consist of inorganic compounds [50], biodegradable
carriers such as liposomes [51-53] or block copolymer micelles (BCMs) [54,55], molecular
networks such as polyvinylpyrrolidone (PVP) [56,57] or cyclodextrins (CDs) [58,59] and
numerous other materials [47,49]. In this vast range of biomedical applications, porphyrins
are constantly exposed to macromolecules, either by the building blocks of their carrier ma-
terials or by the in vivo biological components such as plasma proteins or phospholipids in
membranes. The interactions with these surrounding macromolecules form an important
aspect as they often determine the stability, in vivo fate, efficiency and mechanisms of
action of the porphyrinic agent. Analytical methods are therefore essential to address the
different facets of interactions and nuclear magnetic resonance (NMR) spectroscopy can
make an important contribution to this. To limit the scope of the current review, the focus
lies on porphyrin derivatives investigated as medical drugs.

In general, most spectroscopic methods are well suited for porphyrin characteriza-
tion. However, owing to their specific aromatic structure, porphyrins are predestined
for spectrophotometric methods. The highly conjugated macrocyclic aromatic core of
porphyrin molecules gives rise to strong light absorption with the characteristic Soret and
Q-bands in the electron absorption spectra. From excited electronic states, radiative relax-
ation processes typically yield intense porphyrin fluorescence in the wavelength region of
620-700 nm [60]. Although the high sensitivity of the corresponding optical spectrometric
instruments is beneficial for the analysis of porphyrin solutions at concentrations in the
nano- and micro-molar range, at which most porphyrinic compounds exist in monomeric
form, the structural and dynamic information important for comprehensive understand-
ing of the interactions within the host-guest ensemble on a molecular or atomic level is
rather limited.

NMR spectroscopy was discovered in 1946, and was introduced as a routine ana-
lytical tool in chemistry approximately 15 years later [61]. The first NMR investigations
on porphyrin molecules were reported in 1959 [62] and since then the use of NMR for
investigating porphyrin molecules steadily increased and continues to increase nowadays.
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Technical (hardware, computers) and methodological developments (democratization of
2D NMR spectroscopy and of pulsed field gradients (PFGs), new NMR pulse sequences)
and technological breakthroughs (cryogenically cooled magnets and probeheads) have
advanced NMR spectroscopy to a powerful analytical tool with increasing sensitivity and
ability to address structural and dynamic questions in recent years. Therefore, these days,
NMR spectroscopy is undoubtedly one of the most important analytical tool to study the
structure of porphyrinic compounds and their metal complexes at the atomic level [63].

Our aim with this review is to provide the readers with an overview of several NMR
techniques applied for characterizing biomedical porphyrinic compounds, focusing on their
interaction with biological and synthetic macromolecules in solution. Essentially, these
investigations are undertaken with the aim of getting deeper insights into the underlying
mechanisms of interactions of these porphyrinic compounds. In particular, we wish to
point out how NMR spectroscopic methods have contributed to the current knowledge in
this field and why NMR spectroscopy is unique and complementary to other spectroscopic
techniques. In Section 1, the most important NMR parameters and methods are briefly
described with a short theoretical background. In Section 2, applications of these methods
are presented in the context of porphyrins interacting with biomolecules such as proteins,
phospholipids, or nucleic acids and with polymeric carrier systems. This overview is not
exhausting but will rather point out the wide range of applications and the versatility of
NMR spectroscopic methods in the field.

A list of abbreviations in alphabetical order is given in Appendix A at the end of
this review.

2. NMR Parameters and Methods for Studying Porphyrinic Compounds and Their
Surroundings

2.1. NMR Basics

NMR spectroscopy is a non-invasive technique for qualitative and quantitative analysis
of a vast number of compounds. Similar to other spectroscopic methods, NMR spectroscopy
finds its roots in the interactions between matter—specifically atomic nuclei with an active
nuclear spin—and radiation—specifically electromagnetic fields. When a nuclear spin is
placed into a strong static magnetic field (in an NMR spectrometer), the response of the spin
polarization is to move around the field, at a specific precession rate, the Larmor frequency
vp. This Larmor frequency v ; of a given nucleus i depends on the external magnetic field
By and the gyromagnetic ratio ;, a nucleus-specific constant which correlates the magnetic
moment of a nucleus to its angular momentum (Equation (1)). If we consider a sample with
N nuclear spins, a stable anisotropic distribution of nuclear spin polarizations gradually
takes place (the buildup and decay of longitudinal spin magnetization follows an exponential
process, governed by T7, the longitudinal relaxation time) and leads to a small net magnetic
longitudinal moment (M) along the field By (z-direction). Since this longitudinal nuclear
spin magnetization is nearly undetectable, the magnetization perpendicular (M or My) to
the external field is measured. A perpendicular magnetization is obtained by applying a
radiofrequency (RF) pulse of appropriate frequency v1, equal to the Larmor frequency v of
the nuclei that one intends to observe, and of appropriate duration [64].

voi = %Bo @™

One of the strengths of NMR spectroscopy is that the Larmor frequency v ; of a given

nucleus 7 or its chemical shift §; does not actually depend on the external magnetic field

By, but on the effective field Beg, which is the external magnetic field By corrected by a

contribution o; (shielding constant), a measure of the shielding of the nucleus 7 originating
from the movement of the surrounding electrons (Equations (2) and (3)).

Byfri = Bo(1 — 07) 2
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As such, for a given molecule, the different shielding constants ¢; and thus the
different Larmor frequencies vg; are detectable by the NMR spectrometer [65,66] and
give rise to NMR spectra in which all non-equivalent nuclei appear with distinguishable
resonance frequencies.

In practice, the measurement and labeling of the absolute frequencies have rapidly
appeared as unpractical, since they depend on the external magnetic field By. Therefore, a new,
Bp-independent parameter, the chemical shift §, was introduced. Indeed, the chemical shift J is
the relative deviation (offset) from the reference (onset) frequency with respect to the reference
frequency, given in ppm (Equation (4)). In proton and carbon spectra, the chemical shift values
are referenced to the resonance of tetramethylsilane (TMS, § = 0 ppm) for organic solvents or
alternatively of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, § (Trimethylsilyl) = 0 ppm) for
aqueous solutions.

vi(sample) — vo(reference)

0 = vo(reference) @

In addition to the chemical shift, the scalar-scalar or indirect coupling ] and the direct or
through-space coupling (Nuclear Overhauser Effect, NOE, see Section 2.3) between nuclear
spins provide additional valuable information on the chemical environment of a given
nucleus. Specifically, the J-coupling splits the resonance (multiplicity) of the observed
nucleus according to the number of NMR active nuclei present in the direct vicinity
(commonly up to five chemical bonds, but possible up to seven bonds). Additionally, the
value of the coupling constant | can provide useful information about the structure and
the stereochemistry of the investigated molecule. The most useful coupling constants are
undoubtedly the vicinal (3]) coupling constants. Their values are dependent on the dihedral
angle ©, and for protons in a typical H;-X-X-H; fragment, range from ~0 Hz (® ~ 90°)
to ~15 Hz (© ~ 0° or 180°), following the Karplus equation [67-69]. This relationship is
valuable for determining the stereochemistry of molecules, particularly of sugars, and for
determining the backbone torsion angles in protein NMR studies.

Thus, relying on the NMR phenomena important parameters can be obtained for each
NMR active nucleus (spin quantum number # 0) within a molecule such as the chemical
shift § (a normalized measurement of the Larmor frequency vy, independent of the external
magnetic field By), the scalar coupling | or through space spin polarization transfer (NOE).

2.2. Induced Spectral Perturbation
2.2.1. The Porphyrin Ring Current Effect

The overall shielding constant ¢ for each group described in Equation (3) is formed as
the sum of the following contributions (Equation (5)):

0 =0gig + Opara + OR + Oext 5)

The diamagnetic contribution o ;, derives from the electron distribution in spherically
symmetrical orbitals surrounding the nucleus (s orbitals). The paramagnetic shielding
term 0y, arises from magnetic fields generated by non-spherically distributed electrons. It
originates from excited electronic states that appear upon interaction of the electron orbitals
with the applied magnetic field and generally becomes more important for other non-proton
nuclei like, e.g., in 3C-NMR [65,66]. Of particular interest for NMR spectra of porphyrins
and interacting molecules are the ring current term o and the external (intermolecular)
shielding term o,y derived from interactions with the neighboring molecules. Local
magnetic anisotropy and unusual chemical shifts for the nuclei in the porphyrin core are
well described by the ring current model. Mainly, protons inside (in the center) or above
the porphyrin ring are in the shielding region while the protons placed in the porphyrin
plane periphery are in the deshielding region of the ring current effect (Figure 2) [70]. These
interactions, which are diamagnetic in origin, are generated by the neighboring groups
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in the vicinity such as the delocalized 7m-systems or the carbonyl groups and depending
on the orientation and distance regarding the observed core can produce shielding or
deshielding contributions [70].

A Induced magnetic field
B, 0

"/ Ringcurrent
deshielding

90°

Figure 2. Scheme of porphyrin ring current.

This concept of ring current effect was introduced by Pauling, elaborating the appear-
ance of anisotropic magnetic susceptibility of the benzene core, ascribing the magnetic
anisotropy to the ring current effect, i.e., to induced circulation of the delocalized - elec-
trons by the magnetic field [71]. Further, empirical description and application of the ring
current model for the NMR calculations (chemical shift) were reported by Pople, explaining
the unusual chemical shift of the cyclic aromatic molecules compared to the alkanes [72].
Later, the shortfalls of the Pople (dipolar) model were overcome with the ring current
models reported by Fassenden and Waugh [73,74] and Johnson and Bovey [75], modelled
in terms of electron flow in loops located above and below the aromatic plane. Recent
models use either five-loop models (four for the pyrrole ring and one for the macrocycle)
or eight-loop models (the four pyrrole rings and the four hexagons between the central
metal atom, neighboring pyrrole atoms and the meso position). Current models are approx-
imations of either the current loop model of Johnson and Bovey [75] or the dipole model
developed by Abraham et al. [76-78] and they are in good agreement to the observed
NMR shifts.

2.2.2. Induced Changes onto the NMR Spectrum of the Porphyrin

As outlined above, owing to their unique structure porphyrinic compounds give
rise to unusual 'H NMR spectra in solution [79]. The ring current effect induces a large
spread of the 'H NMR resonances shifting the inner NH-resonances of free-base porphyrins
upfield to values of approximately —2 ppm and the pyrrole- or meso proton resonances
located in the periphery of the macrocycle plane downfield to values of approximately
8 ppm and 9-10 ppm, respectively (Figure 3). Since most synthetic polymers as well as
bio-macromolecules such as polysaccharides and lipids are devoid of aromatic protons,
this spectral region is of specific diagnostic value when studying interactions due to non-
overlapping NMR resonances.
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Figure 3. 'H NMR spectrum of chlorin e4 in DMSO-ds.

In addition to the local magnetic anisotropy that occurs in the frame of a single
molecule, the ring current effect also profiles the local magnetic field of the adjacent
molecules due to existence of intense intermolecular 7— interactions. Porphyrins exist as
monomeric species mostly in unpolar or polar aprotic solvents such as dimethylformamide
(DMF) or dimethylsulfoxide (DMSO) and give rise to sharp 'H NMR resonances (Figure 3).
However, in aqueous solution porphyrin self-aggregation is a well-known phenomenon.
The main cause is mostly attributed to 7t— interactions between the porphyrin macrocycles
and the geometry of the resulting aggregates is determined by the charge distribution in
the 7 system according to the well-known model by Hunter and Sanders [80]. However,
substituent effects can also be the dominant forces for porphyrin aggregation. In the early
eighties solution structures of porphyrin aggregates have been extensively studied by
Abraham, Smith and coworkers applying theoretic models based on ring current-induced
NMR aggregation shifts [76,81,82]. Three-dimensional aggregate structures, e.g., formation
of J- or H-aggregates, interplanar distances, orientation, and aggregation maps could be
deduced form 'H NMR aggregation shift data [83,84]. Thus, depending on the aggregation
extent and the magnitude of intermolecular interactions, a single observed nucleus can
give rise to resonances at different Larmor frequencies. Therefore, the interpretation of
porphyrin NMR spectra and structural elucidation need to be approached with caution.
In addition to the large induced shifts, there is a significant effect on the linewidths of the
NMR resonances. Both changes in porphyrin ring current-induced shifts (RISs) and line
broadening offer measures for interactions with macromolecules.

2.2.3. Induced Changes onto the NMR Spectrum of the Macromolecule

The electron density around the nucleus can be increased or decreased through inter-
actions via chemical bonds or directly through space. The latter type of interaction (through
space) allows the detection of nuclei from other molecules in proximity by perturbation
of the NMR spectrum of the compound of interest. Monitoring the chemical shifts of
the macromolecule (host) upon titration with the small guest molecule provides thus a
simple method to probe for intermolecular interactions resolved to molecular segments or
even atoms. This chemical shift perturbation (CSP) technique has been widely used for
mapping protein-binding sites of ligands [85,86]. The larger the impact of the chemical shift
perturbator, the more sensitive is the detection power of the CSP method. The magnitude
of perturbation depends on the distance r between the interacting species (function of r~3)



Molecules 2021, 26, 1942

8 0f43

and on the physical properties of the small molecule being added. Enhancement of induced
changes can be achieved for example by paramagnetic molecules [87] such as lanthanide
shift reagents [88] or by molecules with a pronounced magnetic anisotropy as it is en-
countered in porphyrins [89]. The ring current effect provides a “built-in chemical shift
reagent” [79] allowing for a very sensitive detection of interactions with nearby molecules.
Based on RISs the spectral perturbation of surrounding macromolecules gives information
about sub-molecular sites of interaction and on the relative orientation of the porphyrin
macrocycle plane towards its binding partner.

2.3. Nuclear Overhauser Enhancement Spectroscopy

The NOE allows detecting through space interactions d;; between nuclear spins in
close proximity and describes the transfer of polarization between nuclear spin populations,
mostly 'H, via the so-called cross-relaxation phenomenon. In spectra, the NOE manifests
itself as the change in the integrated intensity (positive or negative) of one NMR resonance
that occurs when another is saturated by irradiation with an RF field. This change in
resonance intensity of a nucleus is a consequence of the nucleus being close in space to
those directly affected by the RF perturbation [90]. The NOE experiment is therefore a
unique method which depends on the spatial proximity between nuclei and measures
dipolar couplings as opposed to other NMR techniques which mostly measure scalar
couplings (J-couplings) among the spins connected through chemical bonds. It can be
run as one-dimensional experiment with selective saturation of a single resonance or as
two-dimensional experiment (NOE SpectroscopY, NOESY) covering the whole spectral
range with the corresponding 2D NOESY pulse sequence [91-93]. In small molecules,
NOEs may be observed between spins which are up to 4 A apart [94,95], while the upper
limit for large molecules is approximately 5 A [96]. For large molecules, care must always
be taken to avoid the so-called spin-diffusion regime, during which polarization may
continue to propagate diffusively among spins until the extra polarization is lost to the
lattice (thermal motions) via the spin-lattice relaxation (T7) process. While being useful
for several applications, one disadvantage of spin diffusion is that the size of the observed
NOEs is no longer dependent on the spatial proximity between the spins [90,92]. To avoid
spin diffusion effects, truncated NOE or transient NOE experiments are performed at
short saturation or mixing times enabling to measure NOE build up while minimizing
the indirect NOEs [90]. Furthermore, the magnitude and sign of the NOE are determined
by the correlation time 7., which in turn is a function of the molecular weight (MW). For
small molecules the NOE is positive, whereas, for large molecules, it becomes negative.
Consequently, at room temperature (298 K) and for intermediate NMR spectrometers,
compounds with an intermediate MW of approximately 1000 Da possess a correlation time
close to 7. = 1/wq (with wy being the circular resonance frequency), for which the NOE
is very weak or can even be zero. In these cases, the rotating frame NOE spectroscopy
(ROESY) experiment must be used, as the ROE is always positive; it ranges from maximal
35% (small molecules) to 65% (large molecules) and amounts ~50% when the corresponding
NOEis 0 at 7, =1/wq [97-99].

In summary, the NOE plays an important role in the assignment of NMR resonances
and in the determination of the inter- or intra-molecular distances between spins. It is
especially useful in the elucidation of structures, steric conformations of organic and
biological molecules or host—guest interactions.

2.4. NMR Relaxation Times (T and T»)

NMR relaxation phenomena describe the processes by which excited nuclei return
to their equilibrium (ground state) distribution. These exponential decay processes can
be described and measured using the longitudinal or spin-lattice (T7) and the transverse
or spin—spin (T3) relaxation times that refer to the recovery of magnetization parallel and
decay to zero perpendicular to the direction of the external magnetic field By, respectively.
The relaxation times of nuclear spins depend on dynamic properties of the corresponding
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molecules and their interaction with the immediate environment [66]. In longitudinal
relaxation (T7), energy can be transferred to the environment (“lattice”) of the correspond-
ing nucleus by different relaxation mechanisms that can be of paramagnetic, dipolar, or
chemical shift anisotropy (CSA) origin [64]. For example, the principle of MRI contrast
agents including metalloporphyrins is based on the paramagnetic relaxation enhance-
ment of nearby proton nuclei (shortening of T4 relaxation time) in biological tissue [36].
T, relaxation concerns the loss of transverse magnetization or phase coherence of spins
that can be caused through spin-spin interactions and fluctuating magnetic fields. These in
turn depend on molecular size and tumbling (Brownian motion), which is characterized by
the rotational correlation time 7.. For macromolecules, molecular motion is slow and 7. is
large, leading to efficient spin—spin relaxation, i.e., short T, relaxation times (while the T
relaxation time goes through a minimum with increasing 7). On the other hand, small fast
tumbling molecules with small 7. have slow relaxation rates (both T; and T, relaxation
times are similar and high) [64].

The relationship between T, and 7. is of particular value for describing the interactions
between small and large molecules. Thus, the interaction of porphyrins with biomolecules
or the polymeric encapsulation of a porphyrin molecule will lead to a shortening of the
spin—spin T, relaxation times and can be easily monitored. However, a serious drawback
is associated with this interesting property of T, relaxation times: Since the observed
linewidths of the resonances are directly proportional to the inverse of Ty (linewidth at
half-height v, , = 1/nT,), porphyrins interacting with biomolecules exhibit very broad
lines, which reduces sensitivity and can make it very difficult to observe resonances.

2.5. Diffusion-Ordered Spectroscopy

The fact that molecular diffusion and diffusion coefficients can be easily studied by
NMR methods was realized in the early days of NMR spectroscopy. The easiest and
most practical pulse sequence for measuring diffusion coefficients by NMR spectroscopy
is the PGSE (Pulsed Gradient Spin Echo) sequence, introduced by Stejskal and Tanner
in 1965 [100], actually long before the introduction of 2D NMR spectroscopy. Diffusion
NMR measurements have increasingly been used, and the possible applications in solution
were summarized in many semantical reviews [101-103]. Briefly, the diffusion coefficient,
in accordance to the Stokes—Einstein equation (Equation (6)), allows the determination,
mostly an approximation, of the hydrodynamic radius, i.e., solvation shell and the size of

molecules in solution T
D=2 ©)
67ty

where kg is the Boltzmann's constant; T the absolute temperature; 1 the dynamic viscosity;
and r the radius of the spherical particle.

In 1992, it was realized that two-dimensional diffusion spectra can be obtained by in-
crementing the areas of the gradient pulses in PEG-NMR experiments and transforming the
NMR signal amplitudes with respect to the square of this area, resulting in an experiment
known as diffusion-ordered NMR spectroscopy (DOSY) [102,104]. DOSY experiments can
resolve multiple components based on their different diffusion coefficients giving rise to
pseudo-2D spectra correlating the chemical shift (1D spectra) of the components given
on the abscissa with the corresponding diffusion coefficients projected on the ordinate.
Diffusion coefficients represented on the ordinate are calculated according to the known
Stejskal-Tanner equation [100] (Equation (7))

I _ -prgem-3) @)

Iy
where Iy and I are the initial and attenuated NMR signal intensities, D the translational
diffusion coefficient, y the gyromagnetic ratio, g the gradient strength, J the gradient pulse
length and A the diffusion time. The DOSY experiment has become a well-established
and useful technique for investigating multicomponent mixtures by disentangling the
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components according to MW and size [105-108]. Most importantly for the subject of
the current review, DOSY can detect intermolecular interactions and the formation of
supramolecular systems [101,108-110]. This includes homo-association of same molecules
as for example in polymeric micelles [103,111] or multi-porphyrin assemblies [112,113]
as well as hetero-association of different molecular species. The latter is often applied
to monitor the binding of small molecules to larger polymer or protein hosts through
alterations in the corresponding diffusion properties. DOSY can thus provide valuable
information on complex formation such as the encapsulation of small drugs into polymeric
delivery systems [108,114,115]. Here, also, note that the very short T, relaxation times of
embedded porphyrins and the resulting broad resonances can make it very difficult to
record such diffusion experiments.

2.6. Heteronuclear NMR Spectroscopy

In addition to the most common observation of 'H nuclei in NMR spectroscopy of
solutions, there are numerous NMR-active nuclei across the periodic table that can be mea-
sured [116,117]. The prerequisite for nuclei to be observable by NMR is that their spin
quantum number [ is unequal to zero, which is the case for all nuclei with an odd number
either of both or of the sum of protons and neutrons. Moreover, the suitability of heteronu-
clear NMR spectroscopy depends on the sensitivity of detection for a given nucleus that is
determined by its natural abundance, gyromagnetic ratio and spin quantum number. While
nuclei with an asymmetric charge distribution (quadrupolar nuclei, I > 1/2) often give rise to
broad NMR resonances, nuclei with half integer spins I = 1/2 are best suited as for example
1H, 13C, 15N, and 3'P [118]. Since these atoms (H, C, N, and P) belong at the same time to the
main constituents in biological material, the corresponding nuclei are most useful in NMR
applications of biomolecules such as proteins [119], lipids [120], and carbohydrates [121].
To compensate the low natural abundance of 13C (1.1%) or of °N (0.36 %) [116], isotope
labeling is often applied, i.e., the enrichment with the corresponding NMR-active nucleus.
In addition, the development of NMR hardware (magnets and probeheads) has achieved
significant increase in sensitivity for nuclei such as *C or 1°N [122].

In the study of small molecules interacting with macromolecules, it can be very useful
to monitor NMR-active-sensitive nuclei such as °F (I = 1/2) that are not endogenous in
biological soft tissue [123], since, compared to IH, the chemical shift range of 19F and hetero-
nuclei is much larger. For porphyrinic compounds, fluorine substitution [124] or NMR
observation of the central metal nuclei in metalloporphyrins [125] thus allows the selective
detection of the porphyrin in mixtures with biological or other polymeric compounds
without the overload of background signals deriving from the macromolecules.

In Figure 4, an overview of the NMR methods explained in Sections 2.2-2.6 is shown.
The selected experiments are not exhaustive but represent some of the most frequently applied
NMR methods in the study of porphyrinic compounds interacting with macromolecules.



Molecules 2021, 26, 1942

11 of 43

"20 16 12 08 04 00 ppm

H-10 H-5

%I
N
(=]

w-CH,

o F1lppm]

'(CHZ)n

Heteronuclear

NMR NOE
spectroscopic
Techniques

spectroscopy

H'H NOESY

T
24 92 F2 [ppm]

ﬁ)iffusion ordered

‘l‘\ Relaxation time

/7¥f:“

A e
| SRRy measurements Bo
ffffffffffffffff - T1OOaen
e [ Rat | 401
_ .LS“m 301 '|'2
g 20/
AR fmmmmmm e {p--- G o 10
H DOSY ‘_ 01
5i 52 50 48 45 ey 0 50 100 150 200 250 t[ms]

Figure 4. Overview of selected NMR techniques to study porphyrin-macromolecule interactions.

3. Applications to Study Porphyrin-Macromolecule Interactions
3.1. Biomolecules
3.1.1. Phospholipids (Membrane Models and Liposomal Drug Delivery Vehicles)

Phospholipid membranes belong to the preferential localization sites of porphyrinic PSs
in living systems [126,127]. Therefore, interactions with membrane models have been of great
interest in the context of PDT. Small unilamellar vesicles (SUVs) composed of phospholipids
(PLs) have been used as suitable simplified membrane models providing access to PL-bilayers
for solution NMR studies. SUVs are easy to prepare and are small (< 50 nm), fast tumbling
systems with some PL mobility within the bilayer that typically give rise to relatively well-
resolved proton resonances [128,129]. However, tumbling and in-bilayer mobility are often
not fast enough for sufficient averaging of dipolar coupling and direct NMR visibility of small
molecules interacting with the PLs. Another contribution originates from strong resonance
broadening due to exchange processes between free and PL-bound molecules at intermediate
rates on the NMR time scale. The exchange broadening can be reduced by modifications of
the conditions (pH, concentration ratios) in solution that alter the exchange kinetics resulting
in enhanced NMR visibility of porphyrins associated with PLs in SUVs [130].

Moreover, indirect changes on the PL resonances such as chemical shift perturbation
can provide valuable information on the interactions between porphyrinic molecules and
PL-bilayers. Interactions of amphiphilic chlorin e6 (Ce6) derivatives with SUVs consisting
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) resulted in pronounced upfield shifts
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and splits of the DOPC choline 'H resonances due to the porphyrin ring current effect of
Ce6 molecules nearby the outer PL bilayer head groups (Figure 5) [131]. This allowed not
just the NMR detection of porphyrin membrane association but also of the preferential
localization sites along the PL molecules as well as the discrimination between outer and
inner PL layers (Figure 5) similar to the impact of lanthanide shift reagents [132]. The
magnitude of the N-methyl choline resonance split correlated with chlorin concentration
up to a level where saturation was reached. The possibility to distinguish between the outer
and inner PL monolayers allowed monitoring slow transmembrane kinetics of the Ce6
derivatives by convergence of the split choline resonances over time, which was described
as a flip-flop process [131]. The transmembrane kinetics were shown to be strongly pH-
dependent for Ce6 derivatives with ionizable carboxylic side chains [133]. Protonation of
the carboxylate groups significantly accelerated the transmembrane distribution, whereas
Ce6 derivatives bearing carboxylate groups with low pK, values were retained in the outer
monolayer supported by electrostatic interactions. Accordingly, individual pK;, values of
acidic substituents had a special importance for membrane translocation and could be de-
termined by '3C NMR chemical shift titration of the chlorin carboxylate groups [133]. The
indirect NMR chemical shift perturbation analysis of 15 different porphyrinic compounds
interacting with DOPC vesicles was used to make a classification according to four differ-
ently induced NMR patterns of the DOPC -N*(CHj3)s- -(CHj)n-, and -w-CHj3-resonances
and their time evolutions. From this a relationship between porphyrin structure and type
of PL bilayer interaction was proposed where symmetry of substitution, amphiphilicity
and overall lipophilicity of the porphyrinic compound were the key factors governing
membrane interactions [134]. Another NMR study based on ring current-induced shifts
onto PL choline resonances revealed that the porphyrin aggregate structure formed in
aqueous solutions has a significant contribution to the initial association with the bilayer
surface that is supported by the free accessibility of charged or polar substituents [84].

-N*(CHs)3 -(CHy),
. t “‘
nher outer I -(».CH3
| |
\ [
| [\
I ’ /
| I “, “‘ \ / ‘\J‘: \
Y~ - ‘\ —
\ !
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Figure 5. 'TH NMR spectrum (500 MHz) of DOPC SUVs in water before (bottom) and after (top)
addition of a Ce6 derivative. The interaction of the chlorin with the DOPC bilayer induces a split of
the DOPC choline resonances so that the outer and inner PL layers become distinguishable.

Unilamellar PL vesicles, also called liposomes, have not just been used as membrane
models but also as liposomal delivery vehicles for lipophilic porphyrinic PSs [135-137].
Tkeda and coworkers have used 'H NMR spectroscopy to monitor the successful encapsula-
tion of a series of tetraphenylporphyrins (TPPs) into the bilayer of DMPC (1,2-dimyristoyl-
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sn-glycero-3-phosphocholine) or egg- phosphocholine (PC) liposomes. They applied an
exchange method for improved liposomal drug loading based on a transfer of the por-
phyrin from a 1:2 CD complex to the liposome. While TPPs forming inclusion complexes
with CDs give rise to relatively sharp 'H NMR resonances in the aromatic spectral region
(see Section 3.2.2), disappearance due to strong resonance broadening upon membrane
intercalation (reduced mobility) was used as indicator for successful transfer, which was
best for lipophilic TPPs [138,139]. Here, the indirect chemical shift perturbation of the PLs
evaluating the relative upfield shifts of the -N*(CHj3)s-, -(CHj)n-, and -w-CHjs-resonances
was also used to determine the location of the TPPs in the PL bilayer [139].

3.1.2. Proteins

Numerous NMR spectroscopic studies have been applied and reported in the litera-
ture for elucidating the structure and function of porphyrin-containing proteins such as
hemoglobin, cytochromes and chlorophylls. Early studies of heme proteins have made use
of the large hyperfine shifts of paramagnetic metal complexes that are sensitive towards
changes in their electronic environment [140]. However, as mentioned in the introduction,
this review limits its scope to porphyrinic compounds used as biomedical agents.

For instance, Stojanovic et al. have investigated the interactions between the porphyrin
ring and the protein part of porphyrin-containing proteins to better understand their
stabilizing role. This study shows that stabilization centers are composed predominantly
from nonpolar amino acid residues [141].

Klein-Seetharaman et al. showed using fluorescence and 'H and '°F NMR spectroscopy
that Ce6 weakly binds to rhodopsin with uM affinity. Furthermore, numerous chemical shift
changes in the 'H-1N NMR heteronuclear single quantum coherence (HSQC) spectra of
I>N-Trp-labeled rhodopsin revealed that Ce6 binding perturbs the entire structure [142].

Two Ce6 derivatives and the barrier function of drug delivery systems towards binding
to the serum proteins human serum albumin (HSA) and transferrin (Tf) were monitored
by 'H NMR spectral appearance of the Ce6 resonances in the aromatic region. Chlorin
association with HSA or Tf lead to severe resonance line broadening that was prevented by
PVP encapsulation. Block copolymer micelles protected the chlorins from binding to Tf
but released them in favor of binding to HSA [143].

3.1.3. Nucleic Acids (DNA, RNA)

Owing to their structures, porphyrins are prone to interact with DNA and RNA, and
already in 1979 experimental evidence from binding isotherms, thermal melting profiles,
and circular dichroism measurements showed that meso-tetrakis (4-N-methylpyridyl) por-
phine (TMPyP) binds to DNA by intercalation [144-146]. In 1983, Banville et al. showed
that the intercalators TMPyP and Ni(I)TMPyP induced a broad downfield peak in the 3P
NMR spectrum of DNA and a slight upfield shift of the main peak, while none of these
characteristic changes were present in the NMR spectrum of DNA after treatment with the
outside-binding porphyrin, Zn(I[)TMPyP [147]. Several similar studies involving H and
3P NMR spectroscopy have been summarized by Fiel [148].

More recently, several studies have highlighted how double-stranded DNA or G-
quadruplex DNA participates in the reaction with porphyrins, which have contributed to a
better understanding of the chemistry of porphyrin models [149].

Another interesting application of NMR is the investigation of the modulation of
the PS-quencher unit, which promotes the PDT development, by assessing their interac-
tions with DNA [150,151]. For instance, Hirakawa et al. synthesized a series of water-
soluble porphyrin derivatives that target DNA: meso-anthryl-tris(p-pyridyl)porphyrin
(AnTPyP) [152], meso-pyrenyl-tris(N-methyl-p-pyridinio)porphyrin (PyTMPyP) [153], meso-
(9-anthryl)-tris(N-methyl-p-pyridinio)porphyrin (AnTMPyP) [154], meso-(naphthyl)-tris(N-
methyl-p-pyridinio)porphyrin (NapTMPyP), and TMPyP [155]. In addition to 'O, these
photosensitization processes could also generate other ROS. Both type I and type II photo-



Molecules 2021, 26, 1942

14 of 43

sensitization processes could occur, depending on the mode that the PS is bound to DNA,
i.e., the distance between the PSs and base pairs.

In Table 1, the NMR applications to study porphyrin interactions with biomolecules
discussed in Sections 3.1.1-3.1.3 are summarized.

Table 1. Summary of NMR interaction studies between porphyrins and biomolecules.

Porphyrin

Macromolecule

(Guest) (Host) NMR Technique Result Ref
Phospholipids
1 .
HNMR N hem. shift Ce6 attached to PL-bilayer head group
Ceb perturbation of host Transmembrane kinetics of Ce6
.. DOPC-SUVs Time-dependent IH NMR . [131,133]
Ceb derivatives . . (flip-flop)
chem. shift perturbation of N
pH dependence of kinetics
host
Ceb6, Ceb derivatives 1 . .
PPIX, DPIX, HPIX and DOPC-SUVs H NMR Fhem. shift Porphy.rln aggregate stlTucture . [84]
derivati perturbation of host determines membrane interaction
erivatives
o 1H NMR chem. shift D1ffe.renF patterns of bilayer
Ceb derivatives perturbation of host localization and transmembrane
PPI?(, ]?PIX, HPIX and DOPC-SUVs Time-dependent 'H NMR kinetics depending on Porphyrm [134]
derivatives hem. shift perturbation of structure and substitution
TPP derivatives ; et - sttt pe 1on o Patterns used for classification of
08 membrane interactions
TPP DMPC 'H NMR spectral appearance  Transfer from CD complex to
- - [138]
Zn-TPP liposomes of guest liposome
Egg-PC TH NMR chem. shift Liposomal localization (hydrophobic
TPP . . [139]
liposomes perturbation of host core)
Proteins
Bovine IH-, 19F- and 1>N-NMR chem.
rhodopsin shift perturbation of host o .
O IR MekbidnsafContolopdn
labeled 'H NMR spectral appearance ytop
rhodopsin of guest
Binding to both HSA and Tf
Ceb HSA 'H NMR spectral appearance ~ PVP encapsulation prevents binding [143]
SerCe Tf of guest BCM encapsulation prevents only Tf -
binding
Nucleic acids
Zn(II)TMPyP perturbation of host DNA y
Cationic TMPyP 31p_, 1H NMR chem. shift Review: Three binding modes
.. DNA . (intercalation, outside binding, outside [148]
derivatives perturbation of host

binding with self-stacking)

3.2. Carrier Polymers

Carrier polymers play an essential role as drug delivery vehicles in the formulation
of porphyrinic drugs. NMR spectroscopy is an efficient tool to monitor the conjugation or
physical entrapment of small molecular drugs into macromolecular carriers forming NPs.
These polymeric delivery systems are mostly NPs with sizes up to 100 nm and their dynamic
properties (molecular tumbling and internal motion) are sufficient that they usually give rise
to 'H NMR spectra in aqueous solution with intense well-resolved resonances.
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Figure 6 depicts representative examples including phospholipid SUVs, triblock
copolymer micelles with polyethylene glycol (PEG) and polypropylene glycol (PPG) blocks,
PVP and 3-CD. A comprehensive review on the various NMR techniques useful to charac-
terize nanosystems and their interactions with encapsulated drugs as well as with external
biologically relevant ligands has been given by Lopez-Cebral et al. [156]. In the subsequent
sections, the different polymeric carriers that have been investigated in combination with
porphyrinic compounds applying NMR spectroscopic methods are discussed providing a
brief overview of studies for each system.

e —
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Figure 6. 'H NMR spectra of selected polymeric nanoparticles used for drug delivery in aque-
ous solutions, from bottom to top: DOPC SUVs, triblock copolymer (PEG-PPG-PEG) micelles,
polyvinylpyrrolidone (PVP) and 3-cyclodextrin (CD).

3.2.1. Polyvinylpyrrolidone (PVP)

PVP is a widespread polymer used among numerous other applications [157] in
the formulation of drugs because of its good water solubility, non-toxicity, inertness and
high biocompatibility [158,159]. PVP exists with different MWs and degrees of cross-
linking [157] and contains both hydrophilic and hydrophobic functional groups, giving
rise to its pronounced versatility with respect to drugs that can be associated with PVP.
It is being investigated for the formulation of various porphyrinic PSs. Among those,
many studies have focused on the combination of Ce6 with PVP that showed significant
enhancement of photodynamic efficiency compared to Ce6 alone and a Ce6-PVP conjugate
was approved for PDT under the name Photolone [160]. To determine the origin of PDT
enhancement of Ce6-PVP, the interactions between Ce6 and PVP have been analyzed in
detail by spectroscopic methods including NMR spectroscopy [161-164]. In the presence
of PVP, pronounced and selective downfield shifts of individual Ce6 'H NMR resonances
were observed that indicated disaggregation of the chlorin upon interacting with PVP in
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aqueous solutions where Ce6 exists as aggregates in the absence of PVP. Chemical shift
perturbation of the PVP resonances revealed that Ce6 mainly interacts with the hydrophobic
vinyl-backbone of PVP [161,163]. The results could be confirmed by molecular modelling
studies based on molecular dynamics of PVP, partial charge distribution in Ce6 and docking
analysis of the Ce6-PVP system. In this study, the method for evaluating charge distribution
was selected based on linear correlations with experimental 'H and '3C NMR chemical
shifts [162]. PVP was found to have similar disaggregating capability for a series of amino
acid derivatives of Ce6 (xCE) bearing either one serine, lysine, tyrosine or arginine residue
at the carboxylic acid function of Ce6 as well as for Ce6 mono-6-amino-hexanoic acid
amide. All Ce6 derivatives showed aggregation in aqueous solutions to different extents as
revealed by their 'H NMR spectra, ranging from partly broadened and upfield shifted to
strongly broadened or completely disappeared resonances. Interaction with PVP was each
indicated by appearance and downfield shifts of the xCE resonances. NMR titration, i.e.,
monitoring the increasing downfield shifts of the chlorin meso protons as function of PVP
concentration, was used to calculate binding constants. Moreover, 2D 'H DOSY could prove
association of each Ce6 derivative with PVP based on the detection of a common diffusion
coefficient for xCE and PVP that was significantly lower than that for the chlorin alone [163].
The observation that xCE and PVP adopt the same dynamic properties with respect to
translational motion was also reflected in changes of the transverse relaxation times T,
and the correlated 'H NMR resonance linewidths (inverse proportional to T,). Another
contribution was suggested to derive from motional restriction of the PVP-encapsulated
chlorin [163,165]. Regions of preferential intermolecular interactions were derived from 2D
'H'H NOESY experiments of xCE-PVP mixtures that revealed intermolecular NOE cross
peaks between chlorin and PVP resonances. From NOESY-based inter-proton distance
calculations it could be concluded that the XCE-PVP complex formation is mainly driven
by hydrophobic interactions with participation of the chlorin H-5 and H-10 meso-protons
and the PVP H-b and H-c protons (Figure 7) [163].

Similar to the Ce6 amino acid derivatives, the more hydrophobic strongly aggregating
chlorin e4 (Ce4) was well encapsulated into PVP, forming stable Ce4-PVP complexes, as
was shown by 'H NMR chemical shift titration (appearance and increasing upfield shift of
Ce4 resonances) and 2D 'H DOSY (Ce4 and PVP had a common diffusion coefficient). The
PVP-encapsulated Ce6 derivatives Ce4 and serine-amide of Ce6 (SerCe) were also shown
to be protected from binding to the external proteins Tf and HSA (see Section 3.1.2) as
was indicated by unchanged chlorin 'H NMR resonances upon protein addition, whereas
severe line broadening occurred in the absence of PVP [143].

In addition to Ce6 derivatives, other porphyrinic compounds as potential PSs have
been probed in combination with PVP by NMR spectroscopy. The interaction of the am-
phiphilic hematoporphyrin derivative (dimegin, DMG) with PVP was studied by induced
'H NMR chemical shifts compared to the NMR spectra of the single components. Down-
field shifts of the DMG meso-proton resonances indicated disaggregation of the porphyrin
that correlated with increased photoactivity. Moreover, it was concluded from PVP chemi-
cal shift changes (upfield shifts of all PVP resonances) that not just hydrophobic interactions,
that were most pronounced, participated in the binding but also hydrophilic [166,167]. In
another study, a series of six different porphyrin derivatives derived either from hemato-
porphyrin IX (HPIX) or PPIX was monitored with respect to PVP encapsulation by 'H NMR
spectroscopic analyses of the porphyrin resonances. The results were compared to those
obtained from Ce6 derivatives and revealed that PVP has an overall higher capability for
disaggregating Ce6 derivatives [165]. This was related to the different aggregate structures
and the resulting stability of aggregates that had been deduced for Ce6 and porphyrin
derivatives from NMR-derived aggregation maps. The asymmetric substitution pattern
of polar and non-polar substituents as well as the nature of the substituents of the Ce6
derivatives lead to aggregate structures that were more easily disrupted than those of
the porphyrinic derivatives [84]. Among the investigated porphyrin derivatives, HPIX,
deuteroporphyrin IX 2,4-disulfonic acid (DPIXDS), and deuteroporphyrin IX 2,4-disulfonic
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acid dimethyl ester (DPIXDSME) exhibited relatively good PVP encapsulation based on
'H NMR chemical shift titration, 'H DOSY and T relaxation time measurements [165].
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Ww A ,—/\UL ppm
F1.4
Me-82 H- ﬂ [{U‘ ﬂn L [
Me-182 ) R by W= e
H-d ¢ } 0+ oy 2.0
L2.2
H-¢ ' F2.4
L2.6
!
—H; [2-8
b 3.0

H-c
Me-7
Me-12 o=
H-8!——

Figure 7. 2D 'H'H NOESY (excerpt) of chlorin e6 serine amide (SerCe) associated with PVP at
a SerCe/PVP molar ratio of 3:20 in phosphate buffered saline (PBS). (Reprinted with permission
from: M. Hiidener et al., J. Phys. Chem. B 2015, 119, 12117—12128. [163] Copyright © 2015, American
Chemical Society).

With the development of theranostic PDT agents, porphyrinic PSs bearing fluorine
substituents are very attractive adding the potential for 'F-MRI diagnostics. For this
purpose, the synthesis of a Zn-phthalocyanine (ZnPc) was reported with 24 fluorine sub-
stituents that gave rise to two proximate intense ’F NMR signals from the magnetically
pseudo-equivalent fluorine atoms of the isomeric mixture. PVP formulation of this hy-
drophobic F-substituted ZnPc, however, lead to a collapse of the intense '°F resonance into
a low-intensity very broad signal, which indicated that the ZnPc exists as aggregates in the
PVP environment [168].

In Table 2, the NMR applications to study porphyrin interactions with PVP discussed
in this section are summarized.

Table 2. Summary of NMR interaction studies between porphyrins and PVP.

Porphyrin Macromolecule .
(Gues) (Host) NMR Technique Result Ref
'"H NMR chem. shift Ce6 mainly interacts with the
Ceb pvp perturbation of host hydrophobic vinyl-backbone of PVP [161]
(MW 25 kDa) H NMR spectral appearance  Disaggregation upon interaction with
of guest PVP
Ceb PVP 'H NMR spectral appearance  Disaggregation upon interaction with

(MW 40 kDa) of guest pPVP [164]




Molecules 2021, 26, 1942

18 of 43

Table 2. Cont.

Porphyrin Macromolecule .

(Guesb) (Host) NMR Technique Result Ref
1

Ceb FI NMR spectral appearance Disaggregation upon interaction with

SerCe of guest PVP
'H NMR chem. shift titration " s

LysCe ; Determination of binding constant

TyrCe PvP with host Host and guest have same diffusion [163]

Y (MW 10 kDa) 1H DOSY of host-guest <8

ArgCe . properties

Ce6-amino-hexanoic mixture Identification of host and guest
2D 'H'H NOESY of

amide

host—guest mixture protons in close proximity

PVP T, relaxation time Change and assimilation of dynamic
SerCe measurements of host and properties of host and guest [163,165]
(MW 10 kDa) . .
guest Motional restriction of guest
1
FI NMR spectral appearance Disaggregation upon interaction with
of guest PVP
1 . . .
Ced PVP H NMR chem. shift titration Determination of binding constant [143]
(MW10 kDa) with host Host and guest have same diffusion
TH DOSY of host-guest 8
. properties
mixture
1 _ .
Ced, SerCe PVP (MW 10 H NMR spectral appearance PVP encap.sula.lted. guest is protected [143]
kDa), HSA, Tf of guest from protein binding
TH NMR spectral appearance  Disaggregation upon interaction with
pPVP of guest PVP
bMG (MW 40 kDa) "H NMR chem. shift Hydrophobic and hydrophilic [166,167]
perturbation of host interactions between host and guest
PPIX, DPIX, HPIX and PVP 'H NMR spectral appearance  Different extent of disaggregation [165]
derivatives (MW 10 kDa) of guest upon PVP interaction
'H NMR chem. shift titration
with host Determination of binding curves
1 - . .
HPIX, DPIXDS, PVP HII-iIX]tDIgSY of host—-guest Flizs;eizzsguest have same diffusion 165
DPIXDSME (MW10 kDa) T, relaxation time Restricted mobility of encapsulated
measurements of host and guest
guest
Fluorinated ZnPc 19F NMR spectral appearance . .
(ZnPcFay) pPVP of guest Guest exists as aggregate in PVP [168]

3.2.2. Cyclodextrins (CDs)

CDs are circular oligosaccharides typically consisting of 6 (x-CDs), 7 (3-CDs) or 8 (y-CDs)
«-1,4-D-glucopyranose units. The supramolecular cone-shaped structures form a hydrophobic
cavity with the protons H-3 and H-5 on the interior and a hydrophilic surface with H-1, H-2,
and H-4 pointing to the outside rendering the CDs water soluble (Figure 8A). The size of
the hydrophobic cavity on the primary and secondary face of the cone depends on the
number of sugar units and is well suited to form inclusion complexes with small molecules
or parts of them (Figure 8B). These features have made CDs very attractive as solubilizers
and carriers for drug delivery of a wide range of drugs. Owing to their relatively small size,
CDs give rise to well-resolved intense 'H NMR spectra (Figure 6, top row). It is therefore
not surprising that already three decades ago NMR spectroscopy was extensively applied for
characterizing drug-CD inclusion complexes. Schneider et al. have given a comprehensive
overview about the various NMR techniques applied to study the structure and binding
modes in CD host-guest systems [169].



Molecules 2021, 26, 1942

19 of 43

1\ HOGH,(6, 6)
Primary face
"

Secondary face

n==56 o-CD
n=7 B-CD
n==38 y-CD

Figure 8. (A) Structure of cyclodextrin and the «-1,4-D-glucopyranose unit with atom numbering; sketch of the cone-shaped
structure of CDs in which the protons H(3) and H(5) point to the hydrophobic interior of the cavity (blue), the protons H(1),
H(2) and (H4) point to the hydrophilic exterior (red), and the protons H(6,6) are located at the rim of the primary face.
(B) Examples of possible 2:1 inclusion complexes formed with tetraphenylporphyrins (TPPs): (I) inclusion via secondary
face, (II) inclusion via primary face, opposite (anti) conformation, and (IIT) complex with adjacent (syn) conformation.

While the porphyrinic macrocycle is too large for inclusion, peripheral aromatic ring
substituents fit well into the hydrophobic cavities of CDs (Figure 8B). Thus, TPPs are pre-
destined to form complexes with CDs and there are numerous studies in the literature that
have addressed the interactions between TPP derivatives and CDs by NMR spectroscopic
methods. With its atomic resolution, selective changes on the CD nuclei either located
in the inner hydrophobic cavity or at the outer hydrophilic surface, NMR spectroscopy
is a sensitive method for detecting binding sites of the porphyrinic guest molecules. De-
pending on the symmetry of the TPP-CD complexes, the TPP pyrrole protons give rise
to different numbers of resonance frequencies allowing, e.g., to distinguish oppositely (2
pyrrole signals) or adjacently (4 pyrrole signals) capped TPP (Figure 8B, II and III). Further,
the detection of intermolecular NOEs is an important tool for understanding the spatial
arrangement of the porphyrin—-CD complexes. Since the MW of porphyrin-CD complexes
typically falls into the intermediate regime with MW = 700-1500 Da where the NOE goes
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through zero, most NMR studies have used the ROESY experiment instead because in
ROESY, the NOE is always positive and unequal to zero (see Section 2.3) [169].

Initial studies on phenyl-substituted porphyrin-CD inclusion complexes were inspired
by mimicking photosynthetic reaction centers [170] or protein containing porphyrins such
as hemoglobin, myoglobin or cytochromes where the CD cavity mimics the protein hy-
drophobic pockets to obtain water-soluble artificial analogues for mechanistic investi-
gations [171-174]. Numerous studies have addressed the CD inclusion of meso-tetrakis
(4-sulfonatophenyl) porphyrin (TPPSs) and its metal complexes that exhibit aggregation in
aqueous solutions [175,176]. Based on analyses of 'H NMR chemical shift changes of the
CD- and the TPPS, resonances as well as on intermolecular NOE:s it could be concluded
that no inclusion complex was formed with x-CD, whereas 2:1 inclusion complexes were
formed with - and y-CD. In these complexes, the TPPS, sulfonatophenyl substituents
were shown to enter the CD cavity through the secondary face in the case of 3-CD and
through the primary face in the case of y-CD resulting in different geometries according to
the examples shown in Figure 8B (I) and (II), respectively. In y-CD complexes, ring-current-
induced shifts for H-5 and H-6,6" were larger compared to 3-CD, which in turn had larger
shifts of the H-3 protons. Further proof that the TPPS; macrocycle was closer located to the
primary face in y-CD was obtained from ROESY data: In addition to strong NOEs between
TPPS, phenyl and inner H-3 and H-5 protons, weak NOEs were also and only detected
in y-CD with H(6,6") located at the rim of the primary face [176]. Similarly, formation of
CD-inclusion complexes could be shown by NMR spectroscopic methods (induced shifts
and/or NOE) for the metal complexes Mn(III)TPPS, [177], Zn(I)TPPS4 [178,179], and
PA(II)TPPS, [179] with respect to «, 3 and vy-CD binding affinity and geometry [179]. In
these studies, selective changes were also reported for the 3C NMR shifts of the inner CD
carbon nuclei (C-5 and C-3) of the CD-inclusion complexes [177,179]. Based on weak NOEs
between porphyrin protons and protons from the CD exterior surface, non-specific binding
of TPPS; monomers or aggregates to the CD outer surface was postulated to coexist with
the main inclusion complex.

Compared to the native a-, 3- and y-CDs the corresponding hydroxypropyl (HP)
derivatives HP-a-, 3- and y-CDs each yielded similar binding modes but the binding force
was stronger in HP-CDs, resulting in more stable complexes with reduced dynamics, i.e.,
slow dissociation on the NMR time scale [179]. Kano et al. have demonstrated the impact
of per-methylation of 3-CD using trimethyl--CD (TMe-f3-CD) that—combined with TPPs
bearing anionic substituents in the periphery—formed very stable 2:1 complexes. TPPSy
complexation induced much stronger changes in the 1>*C NMR shifts in particular for C-1
and C-4 of TMe-3-CD compared to 3-CD. This was related to a higher flexibility of methy-
lated CDs due to the lack of hydrogen-bonds enhancing the binding capability for guest
molecules by the “induced fit-type complexation”. 13C-T; relaxation time measurements
provided further insights into the dynamics of the TPPS4 (TMe-3-CD); complex: Slight
decrease in the CD- 13C-T; values indicated reduced motion of the CD scaffold and the
rotation of the outer TPPS, phenyl substituents was more inhibited by the two CD-caps
than the included ones [180]. Methylated 3-CDs (Me-3-CD, HP-3-CD) were also shown
by NMR ROESY to form inclusion complexes with TPPS, under acidic conditions where
strong J-aggregation dominates. However, for Me-3-CD, an inclusion via the primary
face was postulated based on more pronounced changes of the corresponding proton
resonances [181]. In the series of meso-tetrakis(phenyl)porphyrins with mixed phenyl-
and sulfonatophenyl substituents TPPS; and TPPS,, (o = opposite), inclusion complexes
with - and y-CDs were only formed by insertion of the sulfonatophenyl- but not with
the hydrophobic phenyl substituents as could be shown by ROESY experiments. This
was explained by intermolecular hydrophobic interactions between phenyl substituents
forming lateral porphyrin homo-aggregates that CDs cannot break up as opposed to por-
phyrin aggregates formed by m—m-stacking. This was evidenced by NMR shift titration
and temperature-dependent experiments showing an incomplete disaggregation effect
(dissolution of stacked aggregates) for TPPS; and TPPS,, as opposed to TPPS4. Type and
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intensity of intermolecular NOEs were consulted to derive the geometries of the inclusion
complexes: In the case of TPPS3, both adjacent and opposite sulfonatophenyl substituents
were enclosed by CD (exemplified in Figure 8B), and for TPPSy,, a slightly tilted CD arrange-
ment was postulated due to coexisting TPP homo-associates via phenyl-ring overlapping.
TPPS;, (a = adjacent) did not yield any CD inclusion (absence of NOEs) that was explained
by the relatively strong contribution of the two adjacent phenyl substituents to aggregate
formation [182]. The presence of adjacently (“syn”) and oppositely (“anti”) capped TPPSy-
CD inclusion complexes and mixtures thereof could be shown with the application of CD
dimers connected through a flexible linker. The different arrangements were deduced from
the symmetry/asymmetry of the resulting complexes with adjacent giving rise to four
and opposite to two TPPS, -pyrrole proton resonances. In this study, the presence of a 2:2
complex (2 TPPS4 and 2 CD dimers with bi-pyridyl-linkers) was also proposed and the
structure deduced from NMR-symmetry and dynamic considerations [183]. In the same
way, the opposite CD arrangement of a TPPS4-TMe-3-CD dimer with a pyridyl-linker
serving as hemoglobin model could be confirmed [173].

While most studies focused on CD interactions with TPPS,, similar NMR-derived
results were obtained for the analogous meso-tetrakis(4-carboxyphenyl) porphyrin (TPPCy4)
bearing carboxylate instead of sulfonate substituents [174,179,180]. The importance of
charge on the TPP-guest molecule was addressed by several researchers. For TMPyP
with four positive charges in the periphery, no inclusion complexes with CDs could be
detected [182,184]. However, based on NOEs between TMPyP and the external protons of
native and permethylated CDs an external binding mode was suggested. In this study, it
was also shown that positive charges on the pyrrole nitrogen atoms of anionic TPPS,H,*
still enabled the formation of inclusion complexes with CD indicating that only the charge
in the periphery determines CD inclusion promoted by electrostatic interactions between
anionic substituents and the positively polarized CD cavity [184]. As opposed to TMPyP,
the also positively charged corresponding N-ethylpyridyl-porphyrin (TEPyP) was clearly
shown by NMR-induced chemical shift changes and ROESY data to form inclusion com-
plexes with 3-CD and HP-3-CD from the primary face [185]. However, binding affinity
to HP-3-CD was much stronger compared to 3-CD. Likewise, inclusion of the cationic
p-phenyl-O-(CH;)3-Py*-TPP (TPPOC3Py) into TMe-f-CD was proved by NMR [180].
Moreover, the usage of CD derivatives bearing anionic groups, e.g., sulfonate-CD [184] or
sulfobutylether-CD (SBE-CD) [185,186], further promotes binding to cationic TPP deriva-
tives by electrostatic interactions among which NMR data proved the existence of inclusion
complexes in the case of SBE-CD.

Hydrophobic interactions were postulated to play a major role in the CD inclusion of
TPP derivatives with neutral substituents. In these studies, interactions (NOEs and induced
chemical shift changes) were more pronounced with methylated CDs with a more apolar
cavity as compared to non-methylated CDs. This could be shown for 5-pyridine-10,15,20-
tris-(p-chlorophenyl)porphyrin (PyTPP) that hardly interacted with 3-CD but formed 1:1
inclusion complexes with TMe-f3-CD [187]. A comparative study with di- and tri-methyl CD
yielded more intense interactions of 5,10,15,20-tetrakis(4-pyridyl)porphyrin (TPyP) with the
trimethylated CD forming a 1:1 complex from the secondary face based on NMR NOE and
chemical shift asymmetry indications [188]. Formation of a 1:2 TPyP TMe-3-CD inclusion
complex was obtained and confirmed by 'H NMR TPP shifts that clearly indicated the
symmetry of a bicapped complex with opposite CDs [189]. Similar 1:2 TPP-TMe-p-CD
structures were described for neutral TPP derivatives with p-hydroxy-phenyl- and p-methoxy-
phenyl substituents [190] as well as for a TPP bearing an octa-arginine chain on one phenyl
ring in which the two opposite non-substituted phenyl rings were included [191].

In the past ten years, most porphyrin-CD related research has converted to the cova-
lent linkage of CD moieties to the porphyrin periphery and NMR spectroscopic methods
have been applied for structure characterization and verification. Peripheral CD units can
be used to accommodate other molecules combining multiple functions within one com-
plex [192-194]. Covalent linkage of several CD units allows to create larger supramolecular
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structures that—depending on the substitution pattern, symmetry of substitution and na-
ture of substituents—can form larger networks or nanorods suitable for drug delivery [195].
Further, efficiency enhancement could be reached by using CD inclusion complexes as TPP-
multiplying unit preventing aggregation at the same time [186,196]. The different binding
affinities of TPPS, for p-CD and TMe-B-CD was the basis for the formation of different
nano-architectures consisting of alternating TPP units with 4 covalently bound CD units in
the periphery bridged byTPPS, units included on opposite sides into free CD cavities. The
single tetra-CD-substituted TPP units formed partial, oppositely arranged intramolecular
self-inclusion complexes by rotation of the glucose unit directly bound to TPP leaving two
free CD cavities as was evidenced by NMR spectroscopic methods. The TPP 'H NMR
shifts exhibited the pattern of a symmetrical bicapped inclusion complex and NOEs were
detected between TPP and CD protons indicating that the CD secondary face was close to
the TPP ring. Only in the case of TMe-3-CD the self-inclusion complex was dissolved in
favor of TPPS, inclusion (disappearance of intra- and appearance of intermolecular NOEs),
providing four binding sites and yielding networks rather than nanorods as in the case
of 3-CD [197]. Similar self-inclusion complexes of tetra-TMe-CD-TPP derivatives were
constructed to obtain water-soluble nanospheres with improved photophysical properties
since the nanostructures prevent porphyrin stacking [198].

In Table 3, the NMR applications to study porphyrin interactions with CDs discussed
in this section are summarized.

Table 3. Summary of NMR interaction studies between porphyrins and cyclodextrins.

Porphyrin

Macromolecule

(Guesb) (Host) NMR Technique Result Ref
1H NMR chem. shift 2:'1 (CD:TPPSy) inclusion comple{(es
. with 8- and y-CD, no complex with
TPPS, o, B-, v-CD perturbation of host «-CD [176]
e 2D 'H'H ROESY of host-guest
ixt [-CD: through secondary face
mpdure v -CD: through primary face
1H and 13C NMR chem. shift
o perturbation of host o }
TPPSy, Mn(III) TPPS, -, -, v-CD D 'H!H ROESY of host-guest Strongest binding for 3-CD [177]
mixture
1 .
H NMR chem. shift . . .
Zn(IT)TPPS, 3-CD perturbation of host Formation of inclusion complex [178]
1H and 13C NMR chem. shift Formation of inclusion complexes:
%283%13524 If?I_I,’?/[S_-CC% perturbation of host (HP)B-CD: through secondary face [179]
TPPC 4 HP-v-CD 2D 'HH ROESY of host-guest  (HP)y -CD: through primary face
4 Y mixture Weak binding to CD exterior
3-CD, TMe-{3-CD: anionic porphyrin
guests binding more favorable than
H and 13C NMR chem. shift cationic
TPPS perturbation of host Disaggregation; formation of
TPPO4C3PSa 2D 'H'H ROESY trans-type 2:1 complexes with
p-Cd TH NMR spectral appearan TMe-3-CD [180]
TPPC, TMe-p-CD pectrat appearance o
TPPOC3Py of guest TPPS,: stronger binding to TMe-3-CD

13C-Ty relaxation time of host
and guest

than to 3-CD

Motional restriction of CD and
TPP-phenyl rings (less pronounced
inside cavity)




Molecules 2021, 26, 1942

23 0f 43

Table 3. Cont.

Porphyrin Macromolecule .
(Guesb) (Host) NMR Technique Result Ref
1H and 13C NMR chem. shift ~ B-CD, HP-B-CD: inclusion via
TPPS B-CD perturbation of host secondary face
Adi dii conditions Me-(3-CD 2D 'H!H ROESY Me-p3-CD: inclusion via primary face [181]
HP-3-CD 'H NMR spectral appearance  Disaggregation of J-aggregates upon
of guest complexation
Inclusion complexes formed with all
but TPPS;, and TMPyP
TPPS, 'H NMR spectral appearance ~ TPPSy, TPPS3, TPPS,,: Partial
TPPS;3 of guest disaggregation
TPPS,, B-,v-CD TH NMR chem. shift Sulfonatophenyl- but not [182]
TPPS;, perturbation of host phenyl-group included in the case of
TMPyP 2D 'H'H ROESY mixed substituents
Inclusion via secondary face for 3-CD
and primary for y-CD
CD dimers 'H NMR spectral appearance . o .
TPPS, with flexible of guest Adjacently (“syn”) and oppositely [183]
TPPC, TH NMR chem. shift (“anti”) capped TPPS,
spacers .
perturbation of host
'H NMR chem. shift TMPyP: External binding to native
a-, B, y-Cd perturbation of host CDs and TMe-p-CD
AR TH NMR spectral appearance ~ TPPS;H,2*: Inclusion with 3-CD via
TMPyP TMe-3-CD . oo
24 of guest secondary and with y-CD via primary [184]
TPPS,H, SO;-3-CD 1 e e
DiMeSOs-B-CD H NMR chem. shift titration ~ face
3 with host Fast exchange between free/complex
2D 'H'H ROESY form
'H NMR chem. shift
B-CD perturbation of host . o Y
TEPyP HP-B-CD 1H NMR spectral appearance gocilifen v;ililaf (;;)C:nd HP-p-CD [185]
SBE-CD of guest primaty
2D 'H'H ROESY
Complex formation with SBE-CD
1 P
TMPyP SBE-CD FI NMR spectral appearance Fast exchange between free/complex [186]
of guest form
'H NMR chem. shift
PVTPP 3-CD perturbation of host Inclusion with TMe-3-CD (from the [187]
y Tme-3-CD "H NMR spectral appearance ~ primary face) but hardly with 3-CD
of guest
HP-p-CD 'H NMR spectral appearance . .
TPyP Di-Me-p-Cd of guest ielcgﬁg;f; le’f‘avc"elth TMe-B-CD from the o
TMe-B-CD 2D 'H'H NOESY Y
1:2 (TPyP:CD) complex
1
TPyP TMe-p3-CD FINMR sp?Ctral appeatance pH-dependent release (acidic [189]
of guest at different pH o
condition)
TPP, TPPCy 1 . . . .
THPPP, TAPPS TMe-B-CD If-Ith\:IR spetctrz.ll tappearamce Alllnfoi‘n): 1%/\,(1];}1:1;54]3_) Blflcc]l:t)lsmn [190]
TMeOPP of host-guest mixture complexes e
1 . . .
H NMR chem. shift titration Trans-type 1:2 (TPP:CD) inclusion
octa-arginine-TPP with host complex with the non-substituted
& TMe-pB-CD 'H NMR spectral appearance P [191]

(R8-TPP)

of guest
2D 'H!'H ROESY

phenyl groups via secondary face
Slow free/complex exchange rate
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Table 3. Cont.
Porphyrin Macromolecule .
(Guesb) (Host) NMR Technique Result Ref
1
FINMR spectra.ll APpearance 7, TPP- B-CD forms self-inclusion and
TPPS ZnTPP- of host-guest mixture inclusion complexes with TPPS [195]
) DAPM-B-CD? 2D 'H'H NOESY ieldin Vesiclis and networks ’ \
TH-DOSY yielding
Mn(III)TPP bridged 111 Inclusion complexes, formation of
PEGylated bis(TMe-3-CD) 2D "HHNOESY supramolecular polymers [19]
ZnTPP- 3-CD and -TMe-3-CD form
ZnTPP-, 1 . . . .
e H NMR spectral appearance  self-inclusion and inclusion
DAPM-3-CD . . .
TPPSy DAPM-TMe-B- of host-guest mixture complexes; the latter are dissolved in [197]
CDe 2D 'H'H NOESY favor of TPPS, inclusion

Formation of networks and nanorods

2 TPPOC3PS: p-phenyl-O-(CH,)3-p-phenyl-(SO3) ™ -tetra-phenylporphyrin; ® THPP: meso-tetrakis(4-hydroxyphenyl) porphyrin; ¢ TAPP:
meso-tetrakis(4-aminophenyl) porphyrin; ¢ TMeOPP: meso-tetrakis(4-methoxyphenyl) porphyrin; ¢ DAPM: 6-deoxy-6-azidopermethyl.

3.2.3. Surfactant Micelles

Micelles are small spheroidal molecular assemblies that spontaneously form from
amphiphilic surfactants in aqueous solutions (or in non-polar solutions as reversed micelles)
above their characteristic critical micelle concentrations (cmc). Rapid tumbling and high
intrinsic mobility in micelles typically give rise to well-resolved, sharp proton resonances.
Therefore, NMR spectroscopic techniques are well suited to characterize surfactant micelles
and their solutes. For example, the transitions from surfactant monomers to micelles
impose changes in the chemical environment and in the dynamic properties that can be
monitored by various NMR parameters such as 'H- and '3C-chemical shifts, T;- and T
relaxation times and diffusion coefficients measured by DOSY experiments [199-201].

The diverse application of surfactant micelles includes solubilization of hydrophobic
molecules and mimicking the anisotropy of biological membranes serving as simplified
membrane models [199]. The most frequently applied surfactants have hydrocarbon chains
of 12-16 carbon atoms with hydrophilic heads that are either non-ionic, cationic, anionic,
or zwitterionic (Figure 9).

In analogy to the TPP-CD complexes (see Section 3.2.2), extensive NMR spectroscopic
studies (in the 90ies) have been conducted on heme porphyrins incorporated into CTAB,
SDS, or TX-100 (Figure 9) surfactant micelles as models for hemoproteins or enzymes
enabling heme studies in a protein-like environment without facing problems of porphyrin
aggregation [202-206].

Utilizing CTAB, SDS and TX-100 micelles as simple membrane models Kadish et al.
have shown that the tetra-anionic TPPS; and its metal complexes are solubilized and
disaggregated by the cationic CTAB and non-ionic TX-100 micelles but not by anionic SDS
micelles demonstrating the importance of electrostatic in addition to hydrophobic interac-
tions. This was evidenced from 'H NMR chemical shifts of the TPP and the micellar protons
that remained unchanged in the presence of SDS, whereas, for TX-100 and CTAB, I'H NMR
resonances of TPPS, were downfield shifted and the 3-pyrrole resonances coalesced into
one single resonance instead of two, which indicated a faster rate of NH-tautomerism of the
TPP central NH-groups in the micellar environment. Characteristic ring-current-induced
upfield shifts of the TX-100 and CTAB resonances belonging to the hydrophobic core fur-
ther proved porphyrin insertion [175]. Prominent changes are particularly observed for the
CTAB methylene -(CHj)1, envelope that splits upon TPPS, interaction into single resolved
CH; peaks [175,207,208] as is visualized in Figure 10A. This split is also observed in the
presence of Ce6. However, as opposed to TPPSy, Ce6 exhibits more interactions with the
polar head region and does not affect the CTAB terminal methyl-group indicating a micellar
insertion of Ce6 that reaches into the hydrophobic region but is more oriented towards the
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micelle-water interface (Figure 10B, own unpublished data). An analogous NMR study
of the cationic TMPyP only yielded insertion into anionic SDS but not into CTAB and
TX-100 micelles [209]. Similar NMR results were obtained for a tetra-cationic Pt complex
of TMPyP [210]. The lack of interactions with the non-ionic micelles was suggested to be
due to the charge delocalization over the entire porphyrin ring in TMPyP reducing the
hydrophobic character [209].
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Figure 9. Structures of micelle forming surfactants.

The importance of charge and hydrophobic properties for interacting with ionic
and non-ionic micelles was also demonstrated on a series of water insoluble TPPs with
only one substituted phenyl-ring bearing either a carboxy-, hydroxy-, amino- or nitro
group in para position. Detailed analysis of micellar 'H NMR chemical shifts and the
(non-)uniformity, direction and magnitude of induced changes revealed that (i) a certain
polarity was required for solubilization in all three micelle types (nitro-phenyl-TPP was not
incorporated), (ii) electrostatic repulsive forces inhibited micelle insertion, (iii) peripheral
hydroxy-groups promoted micelle insertion, since hydroxy-phenyl-TPP reached highest
intra-micellar concentration and was more oriented towards the micelle water interface
compared to the other TPP derivatives [211].
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Figure 10. TH NMR spectra of CTAB micelles (A) in the presence of TPPS, and (B) in the presence of
chlorin e6 (Ce6) at increasing molar ratios TPPS;/Ce6 : CTAB in aqueous buffer solutions (pH = 7.2,
CTAB constant concentration 40 mM) (unpublished data).

The interaction of TPPS, as free base or metal complex with cationic and zwitteri-
onic micelles was the subject of further comprehensive NMR spectroscopic studies. By
varying the surfactant concentration below and above the cmc it could be shown that
TPPS, forms premicellar aggregates with CTAB, whereas micellized monomers exist above
cmc [212]. Similar premicellar aggregates were also reported for cationic TMPyP and
pyridiniumpropoxy-TPP in the presence of SDS below cmc [210,213].

Based on 'H NMR chemical shift, T; relaxation time and NOE data, it was shown
that TPPS, localizes in the hydrophobic core of cationic CTAC and zwitterionic HPS mi-
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celles, whereas, in LPC micelles (for the surfactant structures see Figure 9), the polar head
region is also involved in TPP interactions. The split methylene resonance (as exemplified
in Figure 10A) allowed the determination of NOE buildup rates for TPP protons through
dipolar interactions with CTAC protons in different chain positions in addition to the
choline and terminal methyl-group in truncated and transient NOE experiments. Tak-
ing intramolecular differences in surfactant mobility (rotational correlation times) into
account, the different NOE rates could provide an interaction profile along the surfactant
molecules [207]. Metal complexes of TPPS, (Fe(Ill), Zn(Il)) exhibited similar localization
sites in CTAC, HPS and in the non-ionic TX-100 and Brij-35 (Figure 9) micelles evidenced by
largest upfield shifts for the terminal surfactant protons [208,214]. More recent studies have
reported the insertion of diaxial Sn(IV)- and Co(IlI)-TPPS, complexes into the hydrophobic
region of CTAB micelles as concluded from selective 1D NOE experiments [215,216].

To study the interactions with a series of Ce6, HPIX and PPIX derivatives, short-chain
PL micelles obtained from DHPC (Figure 9) were used as mobile PL-membrane models
with enhanced dynamics, making it possible to observe encapsulated porphyrin resonances
by 'H NMR spectroscopy in the non-overlapping aromatic region. Based on the appearance
of the 'H NMR chemical shifts of the porphyrinic compounds it could be concluded that
DHPC-micelles have a high capability to include and break up even strongly aggregating
Ce6 derivatives, whereas this was not the case for the porphyrin compounds. This indicated
that not the extent but the structure of aggregates as well as the accessibility of peripheral
polar substituents play key roles in porphyrin membrane insertion [84].

In Table 4, the NMR applications to study porphyrin interactions with surfactant

micelles discussed in this section are summarized.

Table 4. Summary of NMR interaction studies between porphyrins and surfactant micelles.

Porphyrin Macromolecule .
(Guest) (Hosb) NMR Technique Result Ref
Encapsulation in hydrophobic core of
1 : p ydrop
TPPSy CTAB HNMR chem. shift CTAB and TX-100 micelles
Zn(IT)TPPS, perturbation of host . ..
SDS 1 Disaggregation in CTAB, TX-100 [175]
Cu(I)TPPS, H NMR spectral appearance .
VO2*TPPS TX-100 of euest SDS promotes aggregation, no
4 3 insertion
CTAC and HPS micelles: TPPS
1 : 4
Hri\letc };emf ﬁhlit localizes in the hydrophobic core
CTAC {)I?I IEMR ISO egtraloas earance Reduced molecular mobility of TPPSy
TPPS, HPS st P PP LPC micelles: TPPS, intercalates [207]
LPC orgues involving the polar head region
1D NOE spectroscopy
1 - . Fast exchange between free and
H T; relaxation times
bound states
1 .
H NMR chem. shift TPPS,, Zn(Il)-, Fe(II) TPPS,:
perturbation of host; pH
TPPS, CTAC depend ’ Incorporate into CTAC and LPC
Fe(III)TPPS, LpC 11?131\/1;1“ ral an micelles in the core region [208]
Zn(II)TPPS, ¢ + spectral appearance pH-dependent aggregation of
ot gues o Fe(II)TPPS, in micelles
1H T; relaxation time 4
1 .
IMPyP CTAB H NMR chem. shift All solubilized by SDS micelles but
Zn(I)TMPyP perturbation of host
SDS 1 not by CTAB and TX-100 [209]
Cu(I)TMPyP H NMR spectral appearance N
VO2 *TMPyP TX-100 of guest Monomerization in SDS
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Table 4. Cont.

Porphyrin Macromolecule .
(Guesb) (Host) NMR Technique Result Ref
Pt(Cy,dim)Mel4(TpyP) SDS 'H NMR chem. shift Location in hydrophobic region of [210]
a TX-100 perturbation of host SDS micelles; Low solubility in TX-100
1 . . . 1. .
p-(OH)-phenyl-TPP H NMR .chem. shift Insertlpn inhibited by electrostatic
-(COOH)-phenyl- TTAB perturbation of host repulsion
";;"PP SDS TH NMR chem. shift titration p-(NO,)-TPP not inserted in any [211]
with guest micelles
p-(NH)-phenyl-TPP X100 H NMR spectral appearance  p-(OH)-phenyl-TPP inserted in all
p-(NOy)-phenyl-TPP of icell -
guest micelles most efficiently
1
oIf_Igll\I(le\gF spectral appearance Below cmc: Premicellar aggregates
TPPSy CTAB 1H NMR chem. shift titration Above cme: Mlcellar insertion and [212]
with host monomerization
Below cmc: Premicellar aggregates
1 : g8reg
TPPOC3Py SDS HNMR N hem. shift Above cmc: Intercalation among SDS [213]
perturbation of host . o
chains, monomerization
CTAC 'H NMR chem. shift
Fe(III)TPPS, HPS perturbation of host Fe(IIl)TPPSy4, Zn(II)TPPS,, embedded [214]
Zn(II)TPPSy, Brij-35 "H NMR spectral appearance  in hydrophobic core of the micelles
TX-100 of guest
Co(IIT)TPPS4(imidazole), CTAB 1D selective NOE spectroscopy Cl.oser location near the CTAB [215]
micellar core
Sn(IV)TPPS4(OH), .
Sn(IV)TPPS4(Met); CTAB 1D selective NOE spectroscopy gﬁj{;ﬁgﬁfn near the CTAB [216]
Sn(IV)TPPS4(Tyr),
Ce6, Ced Chlorin derivatives: Monomerized in
Ceb6 derivatives DHPC 'H NMR spectral appearance ~ DHPC micelles [84]
DPIX, PPIX, HPIX and of guest Porphyrin derivatives: Only weak
derivatives interactions, no disaggregation

2 Cy,dim: dicyclohexyldiimine.

3.2.4. Block Copolymer Micelles (BCMs)

BCMs have gained much interest as versatile delivery systems for a wide range of
drugs including porphyrinic PSs [54,55] and several recent comprehensive review articles
have been devoted to the chemistry, properties and applications of BCMs [54,217-220].
The BCM forming units are biocompatible, mostly synthetic polymers consisting of a
hydrophilic block forming the micellar shell and a hydrophobic block forming the micellar
core (Figure 11). The blocks can be arranged in two (A-B-type diblock copolymers) or
three alternating segments (A-B-A-type triblock copolymers) and their chain lengths, ratio
and overall MW determine the size and morphology of BCMs. Owing to their dynamic
properties as relatively small fast tumbling systems with a high degree of internal motional
freedom of the flexible polymer chains [221], BCMs are very well applicable for NMR
spectroscopic characterizations giving rise to intense 'H NMR resonances in aqueous
solution (Figure 6). The micelle formation process from block copolymer unimers induces
changes not just in the diffusion properties but also in the 'H- and '*C-chemical shifts,
resonance linewidths and relaxation rates of the polymeric nuclei rendering NMR a suitable
method to monitor micellization [222-226]. Several studies either probing newly designed
or commercial block copolymers for PS delivery have exploited NMR spectroscopy to verify
polymer structures and to determine block sizes and MW of the polymers by quantitative
NMR peak integration [227]. However, since the current review focuses on interaction
studies, the corresponding work will not be included here. Since physical entrapment
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is frequently the mechanism of drug loading, polymer-drug interactions are of utmost
importance for the loading capability, stability of the system and drug release. For this,
NMR techniques including 1D and 2D NOE spectroscopy, NMR relaxation time and
diffusion (DOSY) measurements are particular powerful tools in the description of the
intermolecular interactions.

ﬁlock copolymers Block copolymer micelles (BCMSN
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Figure 11. Structures of block copolymers forming micelles discussed in the current review.

PEG is the most often encountered hydrophilic component of BCMs and in par-
ticular the triblock copolymers PEG-PPG-PEG, the so-called poloxamers or Pluronics
(BASF trade name) [228], have been extensively explored as carriers for porphyrinic
PSs [54,55,161,162,166,229-231]. BCM encapsulation is a strategy to enhance porphyrin
delivery towards targeted tissue or profile the pharmacokinetics and pharmacodynamics
of bioactive molecules. PEG grafting reduces mechanisms of biological recognition that
lead to fast clearance via opsonization by the reticuloendothelial system (RES) [232,233]. In
addition to its utilization in micellar form as carrier for low-MW drugs, PEGylation is also
used as covalent modifier of biological macromolecules [232,234,235].

Steinbeck et al. have conducted extensive NMR studies on the interaction of TPPS,
with Pluronic P123 (PEG,oPPG7PEGy, Figure 11) micelles at different temperatures.
They analyzed 'H NMR chemical shift changes of TPPS;-P123 mixtures to determine
the localization of the porphyrin along the polymer chains. Since the PPG methine and
methylene resonances partially overlap with the PEG methylene peak they applied 'H'3C
HSQC for obtaining a better resolution. At low temperatures (<20 °C) TPPS; exhibited
strong interactions with the PPG-blocks, whereas, at higher temperatures (>35 °C), stronger
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interactions with the PEG part were observed. Sites of interactions were indicated by
selective upfield shifts as well as—in part—inhomogeneous broadening either of the PEG-
or PPG-polymer resonances and simultaneous downfield shifts of the TPPS4 resonances.
The interactions were confirmed by corresponding intermolecular rotating frame NOEs
(ROEs). The temperature dependence of interactions was explained by a shift towards a
dehydrated, more hydrophobic nature of the polymer chains with increasing temperature.
Detailed diffusion data including HSQC-resolved diffusion measurements at different
temperatures and diffusion times lead to the conclusion that at <20 °C small TPPS4-P123
aggregates were formed, which at higher temperatures were in fast exchange with TPPS,
present in the larger micelles [236].

In analogy to TPPSy, the corresponding tetra-sulfonated Pc, ZnPcS,, as well as the
perfluorinated ZnPcF;4 were reported to preferentially localize in the PEG corona region
of mPEG-b-PLLA (Figure 11) diblock copolymer micelles as was derived from induced
'H NMR chemical shift changes of the PEG moiety and NOE data (in the case of ZnPcSy).
On the contrary, the non-substituted congener ZnPc lacked interactions with PEG and was
localized in the hydrophobic micellar core. The mPEG-b-PLLA micelles were suggested
to form a relatively rigid core region since the PLLA and the encapsulated ZnPc proton
resonances were strongly broadened and only became NMR-visible after dissolution of the
assembly by acetone addition [237].

The interaction of the hematoporphyrin derivative DMG [166] and Ce6 [161] with
F127 (Figure 11) Pluronic micelles or solely with PEG as homo-polymer was each probed
by 'H NMR spectroscopy. Both porphyrinic compounds exhibited disaggregation in
the presence of the BCMs or PEG alone as was indicated by downfield shifts of the por-
phyrin/chlorin meso-proton, propionic acid and vinyl side chain protons, respectively.
Both compounds were suggested to localize preferentially in the hydrophobic core regions
of the BCMs due to induced upfield shifts and partial broadening specifically of the F127-
PPG resonances. However, disaggregation capability and observed upfield shifts of the
PEG resonance in the case of mixing with the sole homo-polymer also proved a significant
affinity of both DMG and Ce6 for the more hydrophilic PEG blocks so that a micellar
location close to the PEG-PPG interface was suggested [161,166].

In a comparative NMR study, BCMs formed by the poloxamer Kolliphor P188 (KP,
Figure 11) also exhibited good disaggregation capability for Ce6 and four of its amino acid
derivatives SerCe, lysine-, tyrosine- and arginine-amide of Ce6 (LysCe, TyrCe, and ArgCe)
but a divergent one for porphyrinic compounds. Unlike HPIX, DPIXDS and its methylester
DPIXDSME, DPIX, PPIX and iso-HPIX (iHPIX) were not disaggregated. The results were
similar to those obtained for PVP and were attributed to the more stabilized aggregate
structures of the porphyrinic compared to the Ce6 compounds. Chemical shift titration of
the Ce6 derivatives resulted in progressive downfield shifts of selected (meso- and vinyl-)
Ceb6 'H-resonances with increasing KP concentration yielding uptake curves that levelled
off at molar ratios of 3:10 (Ce6/KP). DOSY measurements of mixtures with KP revealed a
dynamic exchange of Ce6 derivatives between the bulk phase and the micellar environment,
since the Ce6 resonances had D values representing a weighted average between free and
BCM-associated chlorin molecules. With increasing KP concentration this equilibrium
was shifted towards micellized Ce6 compounds as the corresponding D values gradually
decreased and levelled off. In this way, DOSY titration could be used to determine the
BCM loading process and to derive uptake curves similar to the chemical shift titration
experiments. The enhanced exchange dynamics were assumed to be responsible for the fact
that only very weak intermolecular NOEs between the Ce6 derivative SerCe and the PPG
methyl protons were observable. However, a strong and SerCe-concentration-dependent
selective perturbation of the PPG methyl resonance (upfield shift and line broadening)
clearly indicated the micellar core region as main interaction site [165].

Similar NMR studies with Ce4 proved that the micellar host-guest system (KP micelles
as host and Ce4 as guest) could be stabilized by increased hydrophobicity and reduced
water solubility of the guest molecule significantly repelling the dynamic exchange pro-
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cess [143]. In this system, more intense NOEs could be observed (Figure 12A). The three
NOE cross peaks shown in Figure 12A, which arose from the interaction of the PPG methyl
group of KP with the meso-H from Ce4, indicated localization in the micellar hydrophobic
core with the hydrophobic part of the porphyrin molecule contributing to a stabilization
effect of the Ce4-KP micellar assembly in aqueous medium. Moreover, the detection of
negative NOEs (at a magnetic field strength of 11.74 T) demonstrated that the chlorin
molecules behaved like large, slowly tumbling systems, proving their micellar associa-
tion [90]. In addition, DOSY experiments not just confirmed the encapsulation of Ce4 in KP
micelles but also indicated a lack of dynamic exchange (Figure 12B). The same diffusion
coefficient (red line) was measured for the meso-protons from Ce4 (9.5 ppm) and for the
-CHj- and CHjs-groups (3.7 and 1.2 ppm, respectively) from KP showing that the Ce4-KP
complex diffused as a single particle. Moreover, the corresponding D value of Ce4-KP (red
line) was smaller than the D value of pure KP (blue line) as well as Ce4 (black line) alone,
pointing out an increased hydrodynamic radius (according to Stokes—Einstein equation,
Equation (6)) of Ce4-loaded micelles [143].
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Figure 12. (A) TH TH-NOESY spectrum of Ce4-KP in phosphate buffered saline (PBS, molar ratio 3:10); intramolecular NOE
cross peaks are visible for the Ce4 meso proton resonances (marked by the blue square) and intermolecular NOEs are visible

between the Ce4 meso resonances and the methyl resonance of KP (highlighted in red and indicated in the structures);
(B) overlay of IH-DOSY spectra of 3 mM Ce4 in DMSO (shown in black), 10 mM KP in PBS (shown in blue), and Ce4-KP in
PBS at a molar ratio of 3:10 (shown in red). For Ce4-KP (3:10) the DOSY spectrum and the projection spectrum are scaled up
by a factor of 64 in the region between 7 and 11 ppm. T = 310 K. (Reprinted from Gjuroski et al. Journal of Controlled Release,
316, (2019), 150-167 [143], © 2019 Published by Elsevier B.V., with permission from Elsevier).

Detailed NMR studies with five Ce6 derivatives of increasing hydrophobicity from
SerCe, Ce4, Ce6 monoethylene diamine monoamide (CeMED), Ce6 dimethylester (CeDM)
towards Ce6 trimethylester (CeTM) demonstrated the limitation of the poloxamer BCM
encapsulation capability with respect to very hydrophobic strongly aggregating Ce6 com-
pounds. Five different BCM forming Pluronic polymers with increasing HLB (hydrophilic-
lipophilic balance) values and different block ratios and MWs were probed applying KP,
F108, F127, L64 and P84 (Figure 11). Quantitative chlorin encapsulation was assessed by
appearance and integration of the chlorin 'H resonances in the aromatic spectral region.
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Loading efficiency inversely correlated with chlorin hydrophobicity for each type of poly-
mer. However, there was no correlation with the HLB value of the polymers, whereas the
number of PPG blocks independent of the PEG part played a role as well as within certain
limits the size of the PEG corona. Again, upfield shifts, broadening, asymmetric shapes,
and the extent of chemical shift perturbation of the polymer PPG nuclei were very sensitive
towards chlorin interaction and only in L64 and P84 BCMs also the PEG resonance was
shifted indicating contributions from the micellar corona region. Dynamic properties of the
chlorin BCM systems were addressed by DOSY, T7 and T, relaxation time measurements.
According to the DOSY spectra, a part of the systems exhibited dynamic exchange as indi-
cated by fraction-weighted average D values for the chlorin nuclei in mixtures, whereas,
for another part, the chlorin was more tightly bound to the micellar core with the chlorin
molecules adopting the same diffusion properties as their micellar hosts [226].

Chlorin T; and T, relaxation times exhibited an overall reduction upon interaction
with any of the BCM types due to an increase in their molecular correlation time T, [226].
Binding to the host molecule (the BCMs) increases the relaxation rates of the guest (the Ce6
derivatives) due to imposed tumbling motion from the host, i.e., longer correlation time
resulting in shorter T, [238]. However, not only the tumbling motion, also the spins in the
vicinity and the distance between the spins in interactions influence the spin relaxation
dynamics [239]. While BCM encapsulation was accompanied by chlorin disaggregation,
the differential T, values of the chlorin protons were equalized as they entered the homo-
geneous micellar environment. In chlorin aggregates protons of overlapping regions had
strongly reduced relaxation times compared to those not experiencing the ring current of
neighboring chlorin macrocycles. Similarly, for the pure poloxamer micelles, T, values of
the PPG spins were an order of magnitude shorter than those of the PEG units reflecting
the spatial crowding in the micellar core region, whereas, in the outer corona, motional
freedom is more and spin—spin interactions are less pronounced.

Chlorin encapsulation induced slight increases in the polymer T7 and T, relaxation
times that was explained by a disturbance of the molecular order. Further, it was postu-
lated that the internal BCM flexibility as reflected in relaxation rates conduced to loading
efficiency but not to stability (stronger binding) [226].

This was also supported by a comparison of PVP and KP micelles used as carriers:
Although KP micelles had a smaller diffusion coefficient, i.e., larger hydrodynamic radius
compared to PVP, implying longer molecular correlation times (7.) and shorter Ty, chlorin
association to the PVP matrix lead to stronger drop in chlorin T, values as compared to
KP. This was ascribed to the stiffness of the PVP matrix for which despite a smaller size
than KP-BCMs dipole—dipole interactions were more pronounced. In accordance with this,
chlorin-binding constants were an order of magnitude higher for PVP than for KP [165].

In Table 5, the NMR applications to study porphyrin interactions with block copolymer
micelles discussed in this section are summarized.

Table 5. Summary of NMR interaction studies between porphyrins and block copolymer micelles.

Porphyrin Macromolecule .
(Gues) (Host) NMR Technique Result Ref
1 .
I;E?gljﬁcsfr;' }i};it <20 °C: TPPS, strong interactions
%DHBC HSQC with PPG units
TH NMR spectral appearance of Small TPPS-P123 aggregates
TPPS, P123 guest P PP >35 °C: stronger interactions with PEG ~ [236]
1D ROE spectroscopy units

TPPS4-P123 micelles in fast exchange

DOSY (HSQC-res.) with smaller TPPS,4-P123 aggregates

T-dependent NMR
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Table 5. Cont.

Porphyrin Macromolecule .
(Guesb) (Host) NMR Technique Result Ref
'H NMR chem. shift
ZnPc perturbation of host ZnPc localized in micellar core
ZnPcSy mPEG-b-PLLA  'HNMR spectral appearance of ~ ZnPcSy and ZnPcFyg localize in [237]
ZnPcFq¢ guest micellar corona
1D NOE spectroscopy
H NMR chem. shift Disaggregation
DMG F127 perturbation of host DMG localizes in hydrophobic core of [166]
pure PEG "H NMR spectral appearance of ~ F127 micelles
guest DMG forms complex with PEG
"H NMR chem. shift Disaggregation
Ceb F127 gerturbatlon of host Ce6 localizes in the PEG-PPG-interface [161]
pure PEG H NMR spectral appearance of . .
region of F127 micelles
guest
Ceb H NMR spectral appearance of Chlorms.: d?saggregatlon
SerCe, LysCe, TyrCe, guest Porphyrins:
ArgCe "H NMR chem. shift Zri;l;/glgilgéteDPIXDS, DPIXDSME
DPIX perturbation of host O o
DPIXDS, DPIXDSME ~ © TH NMR chem. shift titration L ermination of binding curves [165]
. Dynamic exchange between free and
PPIX with host micellar state
HPIX, iHPIX 'H DOSY . T
Preferential localization in micellar
1D NOE spectroscopy
core
'H NMR spectral appearance of
guest
"H NMR chem. shift Disaggregation
perturbation of host Localization in hydrophobic core of
Ced KP "H NMR chem. shift titration KP micelles [143]
with host Lack of dynamic exchange
'H DOSY
2D NOESY
Loading efficiency inversely correlated
H NMR spectral appearance of ~ with chlorin hydrophobicity
SerCe KP . . . .
guest Interaction mainly with hydrophobic
Ce4 F108 T .
H NMR chem. shift core
CeMED F127 . . . [226]
perturbation of host Differently pronounced dynamic
CeDM Lod 'HDOSY exchange
CeTM P84 8

TH T; / T, relaxation

Disaggregation accompanied by
changes in the dynamics

4. Conclusions

The interest in porphyrins as medical drugs is still growing and polymeric nanoplat-
forms have become an inevitable part of efficient delivery to the target tissue. With the
development of theranostic agents, the systems have become complex and their characteri-
zation at the atomic level more demanding. While the optical properties of porphyrin-based
drugs as phototoxic agents, i.e., their light absorbance and energy conversion, will remain
the major focus in the analytical assessment, interactions with macromolecules are of equal
high importance. Such interactions can significantly modify the photophysical properties
and also determine the thermodynamic and kinetic stability of porphyrin formulations.

With this review, our aim was to provide an overview of studies that have applied
NMR spectroscopy to address the interactions of biomedical-relevant porphyrinic com-
pounds with macromolecules in solution. We have shown that NMR spectroscopy can
offer a wealth of complementary information, thanks to its versatility, its accessibility to a
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vast range of dynamic properties, and its possibility to measure interactions with atomic
resolution. For instance, the strong ring current inherent to porphyrins makes this class of
compounds particularly suited for easy NMR detection of induced changes upon interac-
tion with their large host molecules. In addition, NMR spectroscopy is non-destructive,
highly reproducible and can be directly applied even to complex mixtures without the
need of sample preparation steps except for the dissolution in an adequate solvent. Nev-
ertheless, NMR spectroscopy also has several limitations: A low sensitivity compared to
mass spectrometry or fluorescence spectroscopy and severe resonance line broadening
can make certain large molecules or components with restricted, anisotropic mobility non-
observable by NMR spectroscopy of solutions. Here, solid-state NMR techniques using
magic angle spinning (MAS) and/or high resolution MAS (HR-MAS) NMR of semi-solids
are better suited, but these two techniques have not been treated in this review in order
to limit its scope and length. Yet, we hope that readers can realize through the examples
given in this review, such as porphyrins interacting with CDs and surfactant micelles, that
most nanoparticles can be studied by high resolution NMR in solution. It is a matter of
fact, confirmed by a survey of the recent literature, that NMR spectroscopy is still rather
underrepresented despite its enormous potential. This review may promote and encourage
future studies involving porphyrins or any other type of small-molecule drugs interacting
with macromolecules to make use of the advantages of NMR spectroscopy as powerful
and versatile analytical tool.

Author Contributions: Writing—original draft preparation, M.V,, L.G., ].F; Writing—review and
editing, M.V,, L.G,, ].E; visualization, M.V.; supervision, M.V., ].E; project administration, M.V.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A The Following Abbreviations were used in the Text

ANnTMPyP, meso-(9-anthryl)-tris(N-methyl-p-pyridinio)porphyrin; AnTPyP, meso-anthryl-
tris(p-pyridyl)porphyrin; ArgCe, arginine-amide of Cet; BCM, block copolymer micelle; Brij-
35, polyoxyethylene glycol dodecyl-ether; CD, cyclodextrin; Ce4, chlorin e4; Ce6, chlorin e6;
CeDM, chlorin e6 dimethylester; CeMED, chlorin e6 monoethylene diamine monoamide;
CeTM, chlorin e6 trimethylester; cmc, critical micelle concentration; CSA, chemical shift
anisotropy; CSP, chemical shift perturbation; CTAB, cetyl-trimethylammonium-bromide;
CTAC, cetyl-trimethylammonium-chloride; Cy,dim, dicyclohexyldiimine; DAPM, 6-deoxy-
6-azidopermethyl; DHPC, 1,2-Dihexanoyl-sn-glycero-3-phosphocholine; DMEFE, dimethyl-
formamide; DMG, dimegin; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMSO,
dimethylsulfoxide; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOSY, diffusion-ordered
spectroscopy; DPIXDS, deuteroporphyrin IX 2,4-disulfonic acid; DPIXDSME, deuteropor-
phyrin IX 2,4-disulfonic acid dimethyl ester; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate;
HLB, hydrophilic-lipophilic balance; HPIX, hematoporphyrin IX; HPS, N-hexadecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate; HP--CD, hydroxypropyl-p-cyclodextrin, HR-
MAS, high resolution magic angle spinning; HSA, human serum albumin; HSQC, heteronu-
clear single quantum coherence; iHPIX, iso- hematoporphyrin IX; KP, Kolliphor P188; LPC,
lyso-phosphatidylcholine; LysCe, lysine-amide of chlorin e6; MAS, magic angle spinning;
Me-(3-CD, methylated 3-cyclodextrin; MOF, metal-organic frameworks; MRI, magnetic
resonance imaging; MW, molecular weight; NapTMPyP, meso-(naphthyl)-tris(N-methyl-
p-pyridinio)porphyrin; NIR, near infrared; NMR, nuclear magnetic resonance; NOE, nu-
clear Overhauser effect; NOESY, nuclear Overhauser effect spectroscopy; NP, nanopar-
ticle; PAI, photoacoustic imaging; PBS, phosphate buffered saline; Pc, phthalocyanine;
PCI, photochemical internalization; PC, phosphocholine; PDD, photodynamic diagnosis;
PDT, photodynamic therapy; PEG, polyethylene glycol; PET, positron emission tomogra-
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phy; PFG, pulsed field gradient; PGSE, pulsed gradient spin echo; PL, phospholipid; PPG,
polypropylene glycol; PPIX, protoporphyrin IX; PS, photosensitizer; PVP, polyvinylpyrroli-
done; PyTMPyP, meso-pyrenyl-tris(N-methyl-p-pyridinio)porphyrin; PyTPP, 5-pyridine-
10,15,20-tris-(p-chlorophenyl)porphyrin; RES, reticuloendothelial system; RE, radio frequency;
RIS, ring current-induced shift; ROE, rotating frame nuclear Overhauser effect; ROESY,
rotating frame nuclear Overhauser effect spectroscopy; ROS, reactive oxygen species; R8-
TPP, octa-arginine-TPP; SBE-CD, sulfobutylether-cyclodextrin; SDS, sodium-dodecylsulfate;
SerCe, serine-amide of chlorin e6; SUV, small unilamellar vesicle; TAPP, meso-tetrakis(4-
aminophenyl) porphyrin; TEPyP, N-ethylpyridyl-porphyrin; Tf, transferrin; THPP, meso-
tetrakis(4-hydroxyphenyl) porphyrin; TMe-3-CD, trimethyl-3-cyclodextrin; TMeOPP, meso-
tetrakis(4-methoxyphenyl) porphyrin; TMPyP, meso-tetrakis (4-N-methylpyridyl) porphine;
TMS, tetramethylsilane; TPP, tetraphenylporphyrin; TPPCy4, meso-tetrakis (4-carboxyphenyl)
porphyrin; TPPOC3PS, p-phenyl-O-(CHj)3-p-phenyl-(SO3) ™ -tetra-phenylporphyrin; TPPOC3
Py, p-phenyl-O-(CH,)3-Py*-tetra-phenylporphyrin; TPPS,, meso-tetrakis (4-sulfonatophenyl)
porphyrin; TPyP, 5,10,15,20-tetrakis(4-pyridyl)porphyrin; TX-100, Triton X-100, 4-(1,1,3,3-
tetramethylbutyl)-phenyl-polyethylene glycol; TyrCe, tyrosine-amide of chlorin e6; xCE,
amino acid derivatives of chlorin e6; ZnPc, zinc-phthalocyanine; ZnPcFy¢, perfluorinated
zinc-phthalocyanine; ZnPcSy, tetra-sulfonated zinc-phthalocyanine.
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