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Abstract
Chlorophyll is a pivotal molecule in photosynthesis due to its ability to absorb solar 
light and start the photochemical process. The chlorophyll triplet state is easily pop-
ulated from the light-induced singlet excited state via Intersystem Crossing (ISC) 
and can react with oxygen generating singlet oxygen, posing a threat to the stability 
of chlorophyll, but also an opportunity for photodynamic therapy. Here, we focus on 
the study of the photo-physical properties of chlorophyll a and WSCP (Water-Solu-
ble Chlorophyll Protein, a protein binding the pigment), which have been adsorbed 
in mesoporous silica matrices. We adopt SBA-15, a silica matrix with well-ordered 
hexagonal structure with pores of 70 Å of diameter. The triplet formed upon illumi-
nation in these systems is studied by time-resolved EPR spectroscopy. Analysis of 
the EPR spectra shows that the triplet state is very sensitive to the inclusion in the 
pores of SBA-15 modifying its spin polarization. Chl a in SBA-15 loses its central 
metal ion, while its structure remains unchanged if the mesoporous silica is previ-
ously soaked into a basic solution before Chl a adsorption, as revealed by its zero-
field splitting parameters of the triplet state. WSCP is readily included in the silica 
matrix, but its embedded pigments are no longer protected by the protein core.

1  Introduction

Chlorophylls, in particular Chlorophyll a (Chl a, see Fig. 1, left panel), are the main 
pigments involved in oxygenic photosynthesis, but their importance is not only 
limited to natural photosynthesis. These pigments and their derivatives can also 
be exploited in the medical field as new photosensitizers drugs for photodynamic 
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therapy (PDT) both in the treatment against microbial infection [1] and in the fight 
against cancer [2]. They can also be used as catalysts when embedded in various 
innovative systems for water splitting [3–5], H2 production and CO2 conversion 
[6, 7]. Finally, they are suitable candidates in the development for artificial photo-
synthesis [8, 9] in the global race to find environmental-friendly alternative energy 
sources to satisfy the growing worldwide request for energy.

Chlorophylls have an intrinsic high rate of Intersystem Crossing (ISC) and popu-
late excited triplet states with high yield (> 60% in organic solvent) [10]. In turn, 
chlorophyll triplet states have the right energy to react with oxygen, generating 
excited singlet oxygen [11, 12]:

Singlet oxygen is a highly reactive and oxidant species with an ambivalent role: it 
is the main oxidizing agent in PDT, but can damage the chlorophyll itself, leading to 
photobleaching, and also, in a biological context, other relevant molecules, such as 
proteins and lipids [12].

Nature, in photosynthetic systems, prevents the damage deactivating the Chl a 
triplet state via triplet–triplet energy transfer, a mechanism in which the triplet exci-
tation transfers from chlorophyll to nearby carotenoid before it can react with oxy-
gen [13–15]. However, since singlet oxygen is a desirable product, overcoming Chl 
a photobleaching while sustaining its production would be ideal for PDT. Nature 
provides a second example of photoprotection in Water-Soluble Chlorophyll Protein 
(WSCP), a tetrameric protein storing four chlorophyll molecules arranged in a dimer 

3
Chl

∗
+

3
O

2
→

1
Chl +

1
O

∗

2

Fig. 1   (Left) Molecular structure of chlorophyll a with numbering of rings, according to IUPAC-IUB 
nomenclature. The two diagonal axes indicate the direction of the two optical polarization axes, x and y. 
Phy indicates the phytyl side chain. L indicates a potential axial ligand, depending on the coordinating 
capability of the environment. (Right) Transmission Electron Microscopy image of SBA particles show-
ing the elongated morphology (1500 nm length–750 nm width) and in the inset the hexagonal structure 
of the pores
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of dimers [16]; the hydrophobic protein core hosting the Chlorophylls is accessible 
from the solution by oxygen and other solutes [17]. Interestingly, WSCP is able to 
generate singlet oxygen, but at the same time its Chls are highly protected toward 
photobleaching [18], making it suitable for applications that need a stable source 
of photosensitized singlet oxygen [19]. Since the protein does not bind carotenoids 
[16], the photoprotection mechanism has been suggested to rely on the steric shield-
ing of critical carbon atoms of the chlorine ring that are sensitive to oxygen attack 
[18]; the shielding is afforded by the specific conformation of the phytyls, the long 
hydrophobic chains connected to the chlorin ring of the chlorophyll, adopted in the 
WSCP core [20]. It has been proposed that the phytyl can either shield the methine 
or limit the interaction with the singlet oxygen by lowering the residency time of 
this species near the macrocycle, however, the exact mechanism of photoprotection 
remains to be understood [17, 18, 20–22].

Besides photobleaching, the other challenge for the use of Chl a in PDT is their 
insolubility in water. Confinement of Chl a in a stable porous matrix could improve 
both its stability and solubility and improve its technological prospects. In particu-
lar, Mesoporous Silica (MS) was developed as delivery media for PDT and proved 
to be effective [23–25]. Ito et al. [26, 27] have shown that chlorophyll-mesoporous 
silica conjugates are more stable in aqueous solutions than chlorophyll itself. Rizzi 
et al. [28] adsorbed Chl a in MS and showed that amine derivatization of MCM-41 
improves adsorption levels and allows photoactive Chl a to be available in aqueous 
solution. Among mesoporous silica nanoparticles, SBA-15 (Santa Barbara Amor-
phous), a matrix with well-ordered hexagonal structure (p6mm space group) (Fig. 1, 
right panel), synthesized for the first time in 1998 through a cooperative self-assem-
bly process [29], was proved to be suitable for different applications [24, 30], i.e., 
bio-imaging and theranostic applications, due to its biocompatibility, or catalysis, 
due to its stability in water and in most organic solvents. The pore sizes of SBA-15 
matrices (ranging from 5 to 30 nm) make them perfect structures to also host pro-
teins and immobilize them [31, 32]. In addition, Chl a has been covalently linked to 
functionalized SBA-15 derivatives showing similar properties to free Chl a [33–35].
In this work, we prepare both Chl a/SBA-15 and WSCP/SBA-15 conjugates in light 
of their use for technological applications in photodynamic therapy, in particular 
aiming at the characterization of the triplet state of Chl a as a diagnostic tool for 
the chemical state of the pigment and the protein in these preparations. SBA-15, as 
prepared or treated with a basic solution, are impregnated by Chl a or WSCP from 
solution and then dried, obtaining samples were Chl a or WSCP are adsorbed on 
SBA-15. Using Time-Resolved EPR (TR-EPR), we explore the triplet state of Chl 
a in the dried samples and, for comparison, in frozen solution, both for the naked 
pigment and when hosted into WSCP. The results are compared with those obtained 
from UV–VIS spectroscopy on solution samples.

2 � Materials and Methods

All chemicals, unless specified, were purchased from Merck (Germany) and used 
without further purification.



	 S. Zatta et al.

1 3

2.1 � SBA‑15 Preparation

SBA-15 was prepared starting from the method used by Zhao et al. [29], with some 
modifications, according to the following procedure. SBA-15 was synthesized using 
a triblock copolymer, Pluronic P123 ((EO)20(PO)70(EO)20 from Sigma Aldrich), as a 
structure directing agent. In a typical synthesis 8.02 g of P123 are mixed under stir-
ring at 750 rpm 280 mL of 0.1 mol/L HCl for 2 h at 40 °C until dissolution of P123 
and formation of mesostructured phase of micelles. 16.80 g of tetraethyl-orthosili-
cate (TEOS; Aldrich; 98%) as silica precursor is added drop by drop to the solution 
under stirring at around 500 rpm.

Mesostructured silica sol–gel is obtained after stirring the mixture at 40 °C for 
24 h. The sol–gel suspension is then hydrothermally treated for 24 h at 120 °C. 
The solid obtained is filtrated and thoroughly washed with 4 L of distilled water 
to remove P123 and then is dried at 80 °C overnight and calcined for 6 h at 550 °C 
with a temperature ramp of 0.4 °C/min under air flow (300 mL/min) to remove the 
template. Around 4 g of SBA-15 material were obtained.

The morphology of SBA-15 (Fig.  1, right panel) was characterized by Trans-
mission Electron Microscopy (TEM) images were recorded with a JEOL TEM 100 
CXII electron microscope operating at an acceleration voltage of 100 kV. Prior 
observations, the sample powders were deposited on 3 mm copper grid coated with 
an amorphous carbon film. The samples were prepared by dispersing in pure alcohol 
using ultrasonic cleaner and putting a drop of this suspension on grid.

The specific surface area, pore size distribution, and total pore volume of SBA-15 
used in this project were determined by recording nitrogen adsorption isotherms. 
As a pretreatment step, SBA-15 was dehydrated at 120 °C overnight under vacuum. 
Nitrogen adsorption isotherms at 77 K were measured on BELSORP max appa-
ratus. The specific surface area was obtained using the Brunauer–Emmett–Teller 
equation from adsorption values at six relative pressures (P/P0) ranging from 0.04 
to 0.25. The total pore volume was determined from the amount of N2 adsorbed 
at P/P0 = 0.975. The diameter of mesopores was obtained from the pore size distri-
bution calculated using the Barrett–Joyner–Halenda (BJH) equation applied to the 
desorption branch of the isotherm. As a result, the specific surface area of so-synthe-
sized SBA-15 is 666 m2 g−1 and the total pore volume is 1.25 cm3 g−1. The pore size 
distribution is centered at 7.2 nm.

2.2 � Preparation of Chlorophyll a‑SBA‑15 Conjugates

Chl a was either extracted from pea plants and purified according to Booth et  al. 
[36], or purchased from Merck. The Chl a-SBA-15 conjugates were prepared by 
absorption of Chl a from solution: 400 µL of Chl a 140 µM in a 2-methyltetrahydro-
furan (MeTHF) solution are added to 10 mg of SBA-15. The sample is then mixed 
and sonicated for 5 min to ensure the homogeneity of the suspension. The solvent 
is evaporated in open air, with the sample covered from direct light to protect the 
pigment. Once the solvent is evaporated, the sample is further dried in a vacuum 
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desiccator overnight. The sample is finally transferred to a quartz EPR tube with a 
diameter varying from 2 to 4 mm, and oxygen is removed by placing the sample in a 
vacuum line at a pressure of 10–4 mbar for 30 min before sealing.

2.3 � Preparation of WSCP‑SBA‑15 Conjugates

Protein overexpression of Lepidium virginicum WSCP apoprotein in Escherichia 
coli and subsequent purification have been performed as previously reported [18]. 
The purified WSCP apoprotein was reconstituted with Chl a as previously described 
[37]. Two different solutions of WSCP have been prepared using buffers at differ-
ent pH: 4.0 and 7.8. For the solution of WSCP at pH = 4.0 a citric acid-Na2HPO4 
buffer was prepared. For the solution of WSCP at pH = 7.8 a phosphate buffer was 
prepared. Samples at the two pH values were prepared adding the appropriate buffer 
to two concentrated stock solutions of protein for a final volume of 1 mL of 3.6 
µM solutions. WSCP-SBA-15 conjugates were prepared by addition of the 1 mL of 
WSCP solution to 10 mg of SBA-15. The suspensions were stirred for 4 h at 4°C. 
Subsequently, the samples were centrifuged three times for 5 min at 13,400 rpm. 
Between each centrifugation step, the supernatant is removed from the pellet and 
collected separately. The pellet is then recovered and dried overnight. Finally, the 
samples were transferred to quartz EPR tubes with diameter varying from 2 to 4 
mm, and oxygen was removed by placing the samples in a vacuum line at a pressure 
of 10–4 mbar for 30 min.

2.4 � UV–Vis Spectroscopy

UV-Vis experiments were performed on a dual beam spectrometer JASCO V-730ST, 
equipped with a deuterium lamp to record spectra from 190 to 370 nm and a tung-
sten halogen lamp to record spectra from 320 to 1100 nm. The reported spectra were 
recorded in the range 350–800 nm, with a data interval of 0.5 nm and a scan speed 
of 200 nm/min.

2.5 � TR‑EPR Experiments

TR-EPR experiments were performed at 80 K on a Bruker ELEXSYS E580, 
equipped with an ER 4118X-MD5 dielectric cavity, an Oxford CF935 liquid helium 
flow cryostat, and an Oxford ITC4 temperature controller. The microwave frequency 
was measured by a frequency counter, HP5342A. The temperature in the cryostat 
was controlled by a thermostated nitrogen-flow and all experiments were conducted 
at room temperature or at 80 K, disabling magnetic field modulation. Photo-excita-
tion was conducted with a Nd:YAG pulsed laser (Quantel Brilliant) equipped with 
both second and third harmonic modules and an optical parametric oscillator (OPO-
TECH) (pulse length = 5 ns, E/pulse ≅ 2 mJ, 10 Hz repetition time). The EPR direct-
detected signal, after preamplification with a 6 MHz amplifier, was recorded with 
a LeCroy 9300 digital oscilloscope, triggered by the laser pulse. At each magnetic 
field position, an average of about 300 transient signals was usually recorded; 256 
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points on the magnetic field axis were recorded, with a sweep width of 130.0 mT. 
The microwave power for TR-EPR experiments was set to be low enough (20–25 
dB attenuation, i.e., 1.5 mW or less) to be in a low-power regime and avoid Tor-
rey oscillations on the time trace. The time vs field surfaces were processed using 
a home-written MATLAB program that removes the background signal before 
the laser pulse (signal vs magnetic field) and the intrinsic response of the cavity to 
the laser pulse (signal vs time). The TR-EPR spectra shown in the main text were 
extracted from the surface at 1100 ns from the laser flash, about 100 ns after the 
maximum in the transient to avoid potential distortions. TR-EPR spectral simula-
tions were performed with EasySpin version 6.0.0—dev.51. The ZFS parameters 
have been estimated directly from the spectra; the populations and relative amounts 
of the different spectral components have been obtained by automated fitting using a 
Levenberg–Marquardt algorithm within the EasySpin package (esfit function) [38].

3 � Results and Discussion

3.1 � Chl a‑SBA‑15

Chl a was incorporated into silica SBA-15 as described in the materials and meth-
ods. The conjugate was characterized by TR-EPR to verify whether the adsorption 
on the solid silica matrix alters the properties of the Chl a triplet state. Note that 
Chl a is easily desorbed from the Mesoporous Silica (MS) by soaking the loaded 
nanoparticles in MeTHF, the same solvent as the one used for the adsorption of Chl 
a, allowing to characterize the pigment after having been incorporated into the MS. 
Conversely, since Chl a is not soluble in water, adsorbed Chl a does not leach quan-
titatively from SBA-15 into an aqueous solution, justifying its potential applications.

We performed a TR-EPR analysis of Chl a in three different conditions: (i) dis-
solved in a MeTHF solution, (ii) adsorbed on SBA-15 (powder sample), (iii) Chl 
a extracted from SBA-15 using MeTHF. The TR-EPR spectra of Chl a (black 
lines) and the relative simulations (colored lines) are reported in Fig. 2 (top): (a) in 
MeTHF solution; (b) adsorbed on SBA-15 powder; (c) in MeTHF solution extracted 
from the MS. The triplet parameters are reported in Table 1. The UV-Vis spectra of 
Chl a are reported in Fig. 2 (bottom): Chl a in MeTHF—black; Chl a extracted from 
SBA-15 in MeTHF—blue; and for comparison pheophorbide a in MeTHF—green. 

The TR-EPR spectra in the three samples are all different, however, their line-
shapes are all compatible with population of the triplet state via Intersystem-Cross-
ing (ISC). The triplet observed for the Chl a/SBA-15 conjugate (Fig. 2b) has larger 
|D| and smaller |E| than the triplet observed for Chl a in MeTHF solution (Fig. 2a): 
DChl a/SBA-15 = 0.0320 cm−1 vs DChl a = 0.0285 cm−1. Note that the positive sign of D 
(and negative sign of E) has been chosen according to literature data on Chl a and 
is the norm for triplet states of prolate molecules [40]. The triplet signal observed 
after extraction of the pigment in MeTHF (Fig. 2c) shows the presence of two dif-
ferent species, with parameters that are compatible with those of the two triplets just 
described; the prevalent triplet is the one with the larger D value. The comparison of 
the fitted ZFS parameters of the two species with literature data on porphyrin triplet 
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states [39], allows us to establish that the main species is pheophytin a, i.e., Chl 
a without the central Mg2+ ion, while the minor species is Chl a. The presence of 
pheophytin is further confirmed from the comparison of the UV-Vis spectrum of the 

Fig. 2   Top. TR-EPR spectra (black) and simulations (color) of Chl a: a MeTHF frozen solution—black; 
b adsorbed on SBA-15 powder—red; c MeTHF frozen solution extracted from the MS—blue. All spec-
tra are recorded at 80 K with laser excitation at 532 nm and are normalized to unit intensity. Bottom. UV-
Vis spectra of Chl a: Chl a in MeTHF – black; Chl a extracted from SBA-15 in MeTHF—blue; pheo-
phorbide a in MeTHF—green. All spectra have been normalized to unit intensity for better comparison. 
The asterisk denotes the region of the absorption peaks typical of the de-metalated Chl a ring
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extracted pigments with the spectrum of the stock solution of chlorophyll in MeTHF 
and of pheophorbide a (i.e., pheophytin a analog without the long phytyl chain). 
Note that the spectrum of the extract shows some scattering by the residual matrix 
suspended in solution. The two peaks at 506 nm and 536 nm, indicated by the aster-
isk in Fig. 2 (bottom), are typical of pheophytin [41], as is the maximum of the Soret 
band at 411 nm. Furthermore, the Qy (S1) band of the extract is at 666 nm, while the 
reference has the Qy band at 663 nm. The presence of small amounts of pristine Chl 
a, as indicated by the TR-EPR spectrum, is here proven by the presence of a shoul-
der of the Soret band (around 430 nm).

A second difference between the samples is related to the triplet sublevel popu-
lations, with a redistribution of the populations between Ty and Tx sublevels upon 
inclusion of the pigment in SBA-15. Upon extraction of the pigment, the triplet sub-
level populations return to the same pattern observed for Chl a in frozen solution, 
for both triplet species. Since the populations are strongly related to the environ-
ment, the presence of such a difference, being removed upon extraction, is a con-
firmation that the triplet state observed in Fig. 2b is relative to the Chl a molecules 
included in the solid matrix. Note that the change in the spin polarization of the 
TR-EPR spectra can give information on the ISC process, and thus on the symmetry 
of the states involved; a full interpretation requires however a computational effort 
beyond the scope of this work.

The combination of the TR-EPR and UV-Vis data show that the incorporation of 
Chl a inside the SBA-15 matrix leads, at least at some extent, to loss of the central 
Mg2+ ion. The de-metalation of Chl a is reported to take place in acidic conditions, 
as a consequence of the protonation of the nitrogen atoms of the pyrrole rings, and 
we suggest that this happens because of the SBA-15 properties. SBA-15 contains 

Table 1   Triplet state parameters of Chl a in the different samples discussed in this work

All parameters have been obtained by fitting the TR-EPR spectra using EasySpin. The simulations were 
performed assuming a positive sign of D and a negative sign of E according to literature data on Chl a 
[39]. The last column reports the % of each triplet spectral component present; when two components 
are present the one with larger D is reported last. Uncertainties are ± 5∙10–4 cm−1 for ZFS parameters 
and ± 0.01 for triplet sublevel populations as estimated from the variability of the spectral fitting

Sample D/10–4 cm−1 E/10–4 cm−1 px:py:pz %

MeTHF 285 − 40 0.28:0.72:0.00 100
SBA-15 285 − 40 0.43:0.57:0.00 25

320 − 20 0.43:0.57:0.00 75
SBA-15 extract 285 − 40 0.28:0.72:0.00 18

345 − 30 0.28:0.72:0.00 82
SBA-15OH 284 − 36 0.43:0.57:0.00 100
SBA-15OH extract 285 − 42 0.34:0.66:0.00 100
WSCP 288 − 36 0.26:0.74:0.00 100
WSCP in SBA-15 pH 4.0 288 − 36 0.35:0.65:0.00 75

320 − 20 0.43:0.57:0.00 25
WSCP in SBA-15 pH 7.8 288 − 36 0.35:0.65:0.00 35

320 − 20 0.43:0.57:0.00 65
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two types of surface silanol groups: isolated silanols with pKa about 2 and geminal 
silanols with pKa about 8.2, but four less times abundant that the isolated ones [42]; 
it is expected that, after rinsing SBA-15 with water (pH about 5) as a final step of its 
synthesis procedure, only 20% of the surface silanol groups are deprotonated. This 
was also confirmed by the measurement of a slightly negative zeta potential of the 
material at this pH [43]. Therefore, SBA-15 is likely able to exchange the Mg2+ ion 
with protons, thus leading to pheophytin formation.

Pheophytin is able to produce singlet oxygen even at higher yields than Chl a [44, 
45], thus this sample is likely useful for 1O2 production. However, further effort must 
be devoted to preparing a sample that preserves the pigment in its pristine state.

3.2 � Chl a/Base‑Treated SBA‑15

In light of the de-metalation of Chl a in as-prepared SBA-15, we attempted to depro-
tonate the acidic silanolic groups by washing the MS powder with a basic solu-
tion of NaOH in ethanol (0.17% w/v). The base-treated SBA-15 (in short, SBA-
15OH) powder was then dried under vacuum. Chl a was adsorbed on SBA-15OH 
as described in the materials and methods, and the conjugate was characterized by 
TR-EPR.

We performed a TR-EPR analysis of Chl a adsorbed on SBA-15OH (powder 
sample), and then on a frozen solution of Chl a extracted from SBA-15OH using 
MeTHF. The TR-EPR spectra of Chl a are reported in Fig. 3 (top): (a) MeTHF solu-
tion; (b) adsorbed on SBA-15OH powder; (c) in MeTHF solution extracted from the 
MS. The triplet parameters are reported in Table 1. The UV-Vis spectra of Chl a are 
reported in Fig. 3 (bottom): Chl a in MeTHF—black; Chl a extracted from SBA-
15OH in MeTHF—blue.

The TR-EPR spectra in the solid matrix and following the extraction in MeTHF 
are similar, showing a triplet state with very close ZFS parameters, but different 
polarization patterns. The ZFS parameters obtained from spectral fitting after the 
extraction from the solid matrix, |D|= 0.0285 cm−1 and |E|= 0.0042 cm−1, agree with 
those of Chl a triplet state in MeTHF. The polarization changes are reflected in the 
triplet sublevel populations reported in Table  1. The changes in polarization are 
analogous to those observed above for native SBA-15, once again confirming the 
inclusion of the pigment in the MS. The change in polarization reverts once the pig-
ment is extracted except for a slight difference probably due to some residual EtOH/
NaOH solution inside the MS extracted together with Chl a and thus the solution of 
the extract is not identical to the initial one.

The UV-Vis spectrum of the pigment in MeTHF extracted from the sample 
(Fig. 3b) further confirms that Chl a is only minimally altered in this preparation. 
Comparison to the spectrum of the stock solution (Fig. 2a) shows that both spectra 
have identical Soret bands (note that the spectrum of the extract shows some scat-
tering by the residual matrix suspended in solution), while the maximum of the Qy 
band shifts from 663 nm in the MeTHF stock to 664 nm in the extract. Also, in stark 
contrast to the sample extracted from untreated SBA-15, there are no peaks at 506 
nm and 536 nm confirming the absence of pheophytin in these samples.
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Summing up the results, we can confirm that the neutralization treatment on 
the MS is efficient in preventing Chl a de-metalation thus preserving the pigment 
characteristics.

Fig. 3   Top. TR-EPR spectra (black) and simulations (color) of Chl a: a MeTHF frozen solution—black; 
b adsorbed on SBA-15OH powder—red; c MeTHF frozen solution extracted from the MS—blue. All 
spectra are recorded at 80 K with laser excitation at 532 nm and are normalized to unit intensity. Bottom. 
UV-Vis spectra of Chl a: Chl a in MeTHF—black; Chl a extracted from SBA-15 in MeTHF—blue. All 
spectra have been normalized to unit intensity for better comparison. The asterisk denotes the region of 
the absorption peaks typical of the de-metalated Chl a ring
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3.3 � WSCP/SBA‑15

The adsorption of proteins inside MS is dependent on the pH of the matrix rela-
tively to the isoelectric point (IP) of the protein: a net positive charge of the protein 
will favor the interaction with a silica support that has a negative charge on its sur-
face [46]. Then, in the preparation of the WSCP/SBA-15 conjugate special attention 
should be devoted to the pH of the buffer. To promote WSCP adsorption, solutions 
should be prepared with a pH = 4 or lower (IPWSCP ≈ 4.2–4.5 [47]). Note that WSCP 
is especially robust and, even though pH = 4 is far below the pH at which WSCP 
is normally isolated (pH = 7.8), the UV-Vis and circular dichroism spectra show no 
signs of denaturation [22]. Nevertheless, we explored the pH dependence of the sam-
ples by preparing the WSCP/SBA-15 conjugate by performing the adsorption step in 
an acidic buffer (pH = 4) or in the buffer in which WSCP is purified (pH = 7.8).

The two SBA-15 samples behaved very differently from the point of view of 
WSCP incorporation. As expected, the sample at pH = 4 quantitatively adsorbs 
WSCP, as shown by visible solution discoloration. We used UV-Vis to monitor the 
solution: after 4 h in presence of SBA-15, only 20% of the initial WSCP was remain-
ing in the supernatant, estimated from the Qy band maximum at 664 nm (± 10%, due 
to the scattering from residual matrix particles, data not shown). Conversely, for the 
sample at pH = 7.8, the solution remains colored: WSCP in the supernatant follow-
ing SBA-15 addition decreases by only 35%, estimated from the Qy band (± 10%, 
due to the scattering from residual matrix particles, data not shown). The UV-Vis 
spectrum of WSCP at pH = 7.8 is shown in Fig. 4 (bottom).

The TR-EPR spectra of WSCP in the different samples are reported in Fig.  4 
(top): (a) WSCP in buffer at pH = 7.8; (b) WSCP adsorbed on SBA-15 powder pre-
pared starting from pH = 4; (c) WSCP adsorbed on SBA-15 powder prepared start-
ing from pH = 7.8. The triplet states parameters of WSCP in buffer are reported in 
Table 1 and are identical to those previously reported [48]. Interestingly, both con-
jugates show TR-EPR spectra with multiple triplet species: one species is a triplet 
almost identical to the one observed for WSCP in buffered frozen solution, while the 
second species has larger D and slightly lower E. The amount of two triplet species 
depends on the starting pH: the spectrum of the sample prepared starting from the 
buffer at pH = 7.8 is dominated by the second species, while the opposite is true for 
the one prepared starting from pH = 4. The species with larger D has ZFS param-
eters similar to those previously discussed and assigned to the pheophytin triplet 
state. Note that given the high affinity of WSCP for the MS, it is not feasible to 
quantitatively extract the protein from the MS and, therefore, we could not charac-
terize the released protein solution as previously performed for Chl a.

The TR-EPR spectra suggest that the Chl a bound to WSCP that is immobilized 
on SBA-15 either remains unaltered or is transformed into pheophytin. In the lat-
ter case, as leaching of Chl a and subsequent loss of Mg2+ is unlikely to occur in 
natively-folded WSCP due to the high stability of the pigment [22], a suitable expla-
nation of this effect is that WSCP undergoes partial deformation or denaturation 
to fit inside the pores. The average pore diameter of SBA-15 is 7 nm, whereas the 
hydrodynamic radius of WSCP is slightly less than 7 nm. We hypothesize that the 
deformation leads either to a larger exposition of the pigment or directly to Chl a 
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leaching, thus exposing the Mg2+ to proton exchange. This process is however not 
fully understood and is still under investigation.

Overall, the inclusion of WSCP in SBA-15 was successful, but the changes in 
the triplet state parameters suggest that the protein structure is not fully preserved 

Fig. 4   Top. TR-EPR spectra (black) and simulations (color) of WSCP: a buffer (pH = 7.8) and glycerol 
frozen solution—black; b adsorbed on SBA-15 powder starting from pH = 4—orange; c adsorbed on 
SBA-15 powder starting from pH = 7.8—azure. All spectra are recorded at 80 K with laser excitation at 
532 nm and are normalized to unit intensity. Bottom. UV-Vis spectrum of WSCP in buffer at pH = 7.8
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exposing the pigment inside the protein. As a consequence, Chl a is altered and 
loses its stability compared to the protein in solution.

3.4 � Experiments at Room Temperature

We also performed TR-EPR experiments at room temperature on WSCP in SBA-15. 
The samples show the presence of the same triplet states observed at 80 K, usually 
with worse S/N ratio. A selected spectrum is reported in Fig. 5 (yellow), together 
with its counterpart at 80 K (orange). The spectrum at room temperature does not 
show any averaging of the ZFS parameters, suggesting that the pigments are immo-
bilized inside the protein-MS system.

4 � Conclusion

Materials containing either chlorophyll a or WSCP embedded in the pores of 
Mesoporous Silica Nanoparticles SBA-15 have been characterized via TR-EPR, the 
technique of choice given the importance of the paramagnetic triplet state of Chl a. 

Fig. 5   TR-EPR spectra of WSCP adsorbed on SBA-15 powder starting from pH = 4. a 80 K—orange; b 
room temperature—yellow. All spectra are recorded with laser excitation at 532 nm and are normalized 
to unit intensity
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Despite this technique was never used before in these kinds of samples to assess the 
loading of the molecules into the matrix, it proved to be relevant for monitoring the 
change of the polarization of the triplet state. Indeed, the parameters of the triplet 
state change not only when the pigment is altered (in this case loss of the central 
ion) but also between frozen solution and inside the MS, an information not easily 
accessible otherwise. The experiments showed that, depending on the protonation 
state of SBA-15, Chl a is incorporated either as pristine pigment or as pheophytin 
a. In the case of WSCP, the inclusion of the protein in the MS is quantitative at pH 
4 but causes an alteration of the pigment. The loss of the central metal in WSCP 
implies that the inclusion in SBA-15 leads to a partial deformation/denaturation of 
WSCP with consequent loss of its shielding effect on Chl a.

We showed that the triplet state of Chl a in the solid matrix is detectable even 
at room temperature, suggesting that the matrix efficiently immobilizes it, and it is 
very sensitive to the chemical state of Chl a in these samples.

In the future, the current samples will be tested for singlet oxygen production and 
tested for a potential photoprotective effect of the MS using fluorescence and EPR. 
Overall, while SBA-15 proved a good MS for the production of solid samples to be 
tested for PDT, to fully harness the potentiality of the protein/MS conjugate a differ-
ent MS, likely with larger pores, is needed.
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