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Porphyrins attract much attention due to expanding opportunities 
for their use in medicine, biomimetic chemistry and material 
science,1–4 including solar energy conversion.5,6 Electronic and 
spectroscopic properties as well as the related application of 
porphyrins depend largely on their self-aggregation, therefore 
great efforts have been made recently to investigate the association 
of these compounds. Generally, porphyrins can form two types 
of non-covalent aggregates in aqueous medium, namely H- and 
J-aggregates.7 The latter represent typically a dimeric form, higher 
associates being insoluble in water. In the H-aggregates, porphyrin 
molecules are in a ‘face-to-face’ arrangement and their aromatic 
systems overlap completely, whereas in the J-aggregates the 
molecules are located next to each other ‘side-by-side’ (or ‘edge-
to-edge’) and the aromatic moieties do not interact. As follows 
from quantum-chemical calculations,8 the distance between porphyrin 
macrocyclic planes in H-dimers is 3.2–3.8 Å, which indicates a 
p–p-interaction. On the contrary, the interplanar distance in 
J-dimers is more than 5  Å, which excludes the p–p‑interplay. 
UV-VIS spectral patterns of the H- and J-aggregated species 
vary significantly, the H-aggregation causes a blue shift of 
absorption bands, while the formation of J-dimers is accompanied 
by a red shift of the corresponding bands up to 50  nm. The 
absence of p–p-interaction in J-dimers allows an investigation of 
their own fluorescence.

Understanding the mechanism of J-aggregation and its 
dependence on conditions determining the location and orientation 
of chromophores represents a promising issue for tuning optical 
and electronic properties as well as for design of new optical 
materials.  According to the known works, porphyrins protonation 
contributes to the formation of extended J-aggregates, so these 
associates of water-soluble porphyrins are formed mainly in 
acidic medium.9–12 The distorted planar structure of diprotonated 
porphyrin prevents a coplanar p–p-interaction between their 
aromatic systems and thus does not allow the formation of 
H-aggregates. Only a few publications report the formation of 
J-aggregates at neutral pH.13–15 One of them emphasizes a 
cationic porphyrins origin of the J-aggregates at pH = 7,13 where 
the association occurs in the presence of iodide ion under light 
irradiation and a mechanism includes singlet oxygen generation 
by porphyrin followed by oxidation of iodide ion to I3– by singlet 
oxygen with further formation of porphyrin–I3– ion pairs in 

solution. A lot of data is available for polycations as initiators of 
the formation of J-aggregates from water-soluble porphyrins.16,17 
Thus, for water-soluble and amphiphilic porphyrins, an interaction 
with counter ions, other electrolytes and polyelectrolytes affects 
the self-aggregation.18

Concerning hydrophobic porphyrins, their J-aggregation was 
reported, for example, as the interaction of protoporphyrin IX with 
human serum albumin and transferrin with formation of J-aggregates 
in a concentration range of porphyrin 1–2 × 10–3  mmol  dm–3.19 
The complex multicomponent systems consisting of two proteins, 
Lomefloxacin drug and protoporphyrin in borate buffer were 
studied there, and the J-aggregation was not explored in detail.

The aim of this work was to investigate the formation of J-dimers 
from dimethyl 3,7,12,17-tetramethyl-21H,23H-porphine-2,18‑di
propionate (deuteroporphyrin IX dimethyl ester, H2DP) upon 
binding to bovine serum albumin (BSA).†

Due to hydrophobicity of H2DP, DMF was used as a cosolvent. 
The DMF content in the solution with BSA did not exceed 
0.19 mol dm–3, which could not affect a native conformation and 
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†	 BSA fraction V (Acros Organics), H2DP (Sigma–Aldrich), double 
distilled water and freshly distilled DMF (Chimmed, Russia) were 
employed. NaCl (Reakhim, Russia, >99%) was additionally recrystallized. 
	 UV-VIS absorption and fluorescence spectra were recorded using an 
AvaSpec-2048 double channel spectrophotometer (Avantes BV, Netherlands) 
at 25 °C in 1  cm quartz cuvettes. An UVTOP295 (Sensor Electronic 
Technology, Inc., USA) and a VL425-5-15 (Roithner LaserTechnik 
GmbH, Germany) monochromatic LEDs were employed as fluorescence 
excitation light sources.
	 Particle size was measured by DLS using a Zetasizer Nano instrument 
(Malvern Panalytical, UK).
	 TG and DTG investigations were carried out on a TG 209 F1 thermo-
microbalance (Netzsch-Gerätebau GmbH, Germany) as follows. H2DP 
DMF solvate (9.55  mg, initial ratio 1 : 27) was placed into a platinum 
crucible and heated from room temperature to 250 °C at 10 °C min–1 rate 
in a dry Ar flow of 30 ml min–1.
	 DSC study was performed using a DSC 204 F1 instrument (NETZSCH-
Gerätebau GmbH, Germany). Test sample (5.75 mg) was placed in a pressed 
aluminum crucible with a hole in the cover. Two empty aluminum crucibles 
were used as references. The calorimetric experiment was carried out at 
heating rate of 10 °C min–1 in a dry Ar flow of 40 ml min–1. All the DSC 
measurements were performed relative to a baseline obtained for the 
references.
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properties of the protein.20 H2DP was dissolved in DMF and then 
an aliquot of the solution with a known concentration of DMF 
was introduced into the protein solution (0.08  wt% BSA and 
0.05 mol dm–3 NaCl in water). Thus, we used the known strategy 
of porphyrin aggregation initiation, where the porphyrin was first 
dissolved in a ‘good’ solvent and then in a ‘bad’ solvent. Note that 
in the absence of BSA we failed to obtain any resistant to sedimen
tation solutions of H2DP in water containing 0.05 mol dm–3 NaCl 
and 0.19 mol dm–3 DMF. In contrast, in the presence of BSA the 
porphyrin solutions were stable for 1–2 weeks in a refrigerator. 
Figure 1(a) demonstrates typical changes in BSA fluorescence upon 
porphyrin titration, with the protein fluorescence at lex = 295 nm 
originating from Trp(134) and Trp(214) residues of the albumin 
polypeptide chain. An increase in the concentration of BSA is 
accompanied by quenching of its fluorescence, which indicates 
the interaction between the protein and the porphyrin 
[see Figure 1(a)]. For an effective fluorescence quenching, the 
distance between a quencher and a fluorophore should not 
exceed 20  Å. Here, the quenching is not complete and the 
porphyrin quencher is likely bound to the BSA site containing 
only one of the two Trp residues. The Trp(134) residue is known 
to be located in the subdomain IB, where a heme site of BSA is 
also included, while the Trp(214) residue is located in subdomain 
IIA (i.e., binding site I according to Sudlow22).

The change in fluorescence spectra of H2DP for the same 
experimental series at another lex = 425 nm is shown in Figure 1(b). 
An increase in the porphyrin concentration leads to significant 
variation of the fluorescence spectrum already at 1.6 × 10–6 mol dm–3 
H2DP, with inversion of band intensities along with a shift of the 
fluorescence maxima to the far spectral region. UV-VIS absorption 
spectrum of porphyrin also changes on going from DMF to an 
aqueous organic medium (Figure  2). The absorption intensity 
decreases and broadening occurs in the region of a Soret band 
(the intensive absorption at less than 300  nm originates from 
BSA). The bands resolution in the far spectral part decreases and 
the spectrum transforms into a two-bands one. These spectral 
changes along with the presence of fluorescence from aggregated 
forms of porphyrin represent a hallmark of J-aggregation. A 

question arises, whether the formation of J-aggregates originates 
from the medium or from the interaction with BSA.

To clarify this, we carried out additional spectral as well as 
thermogravimetric investigations of the H2DP solvation in an 
aqueous–organic medium with various DMF content. The changes 
in the H2DP UV-VIS absorption and fluorescence spectra with 
the DMF amount decrease are collected in Table S1 (see Online 
Supplementary Materials). The obtained spectral data revealed that 
H2DP aggregates at low DMF content and at more than 4.31 mol dm–3 
DMF p–p-aggregates of the porphyrin were formed. With a 
decrease in the concentration of DMF to 2.58  mol  dm–3, 
J-aggregates appeared along with the p–p-aggregates. Further 
lowering of the DMF content to 0.69 mol dm–3 led to a reduction 
in the amount of p–p-aggregates as well as an increase in the 
content of J-dimers. Note that the H2DP solubility simul
taneously decreased and with a further lowering of DMF amount, 
the solution became unstable to sedimentation at storage. According 
to DLS data, large porphyrin aggregates with a hydrodynamic 
diameter of ~1350 nm were mainly present in the solution containing 
0.4 mol dm–3 DMF.

The transition from four- to two-band absorption pattern in the 
far visible spectral part indicates a transfer to higher symmetry 
of the porphyrin molecule, namely from D2h to D4h one.23 This is 
possible due to the donor–acceptor interactions of hydrogen atoms 
of pyrrole moieties with electron donor ligands or, alternatively, to 
protonation of nitrogen atoms in the macro ring.24

According to the thermogravimetric analysis data, desolvation/
dehydration of the H2DP crystal solvates from DMF and DMF–
H2O proceed stepwise (Figure 3). For both solvents at the first 
step up to 120 °C their molecules with a universal character of 
interaction with porphyrin25 are removed. At the second step in the 
temperature range of 140–164 °C [Figure  3(a)], the DMF 
molecules, which specifically solvate the porphyrin, are removed 
and the composition of H2DP–DMF solvate is calculated to be 1 : 2 
[see Figure 3(a)]. As follows from this ratio, the DMF molecule 
interacts with the porphyrin at its reaction center. Therefore, 
coordinated or oriented DMF molecules can hinder the coplanar 
p–p-interaction and contribute to the formation of J-aggregates. 
It was impossible to deduce the composition of the corresponding 
solvate for the aqueous organic solvent, however taking into 
account the hydrophobic nature of H2DP and a similar desolvation 
pattern at the second step with the temperature of maximum 
mass loss rate of 149.6 °C [see Figure 3(a), DTG curve] as well 
as the endothermic peak in DSC curve at 143.8 °C [Figure 4(b)], 
it could be assumed that for the mixed solvent at the second step the 
DMF molecules, which had been specifically bound to porphyrin, 
were removed.

Known data concerning the initiation of porphyrin aggregation 
by proteins or amino acids raises more questions than provides 
answers. For amino acids, the issue is less ambiguous, namely 
depending on the amino acid isoelectric point and pH, a carboxyl 
or amino group is protonated, so water-soluble porphyrins become 
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Figure  1  Corrected fluorescence spectra upon titration of 0.08 wt% BSA 
solution with 0 to 4 × 10–6 m H2DP at (a) lex = 296 nm and (b) lex = 425 nm.
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Figure  2  UV-VIS absorption spectrum of H2DP in DMF as well as H2DP–
BSA mixture in aqueous solution containing 0.05 m NaCl and 0.19 m DMF.

‡	 For diluted solutions of H2DP, fluorescence intensity was not corrected 
because the optical density did not exceed 0.1. For concentrated solutions, 
the fluorescence intensity was corrected for inner filter and dilution 
effects before the data analysis.21
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oriented relative to the amino acid molecule by electrostatic 
interactions, and thus the chiral J-aggregates are formed.26 The 
same principle is applied to cationic or anionic polymers, which 
form micelles ‘sheathed’ by the porphyrin J-aggregates.27,28  
Employment of this pattern for proteins with their complicated 
non-repeating structure has some advantages, because a protein 
can have a negative or positive surface charge depending on pH 
of the medium and the isoelectric point. So, BSA with pI = 4.6 at 
pH  <  4.6 acquires a positive charge and attracts for example 
anionic sulfoporphyrins.29 Coulomb interactions lead to partial 
neutralization of converging porphyrin anions, facilitating the 
formation of J-aggregates.29 Nevertheless, in this work similar to 
articles21,30 the BSA-initiated formation of J-dimers of 
porphyrins is proved, and here the electrostatic interactions cannot 
represent the driving force for aggregation, since porphyrins are 
in molecular, i.e., uncharged, form. In our opinion, the reason for 
the BSA-initiated J-dimerization consists in the formation of 
H-bonds between the porphyrin peripheral substituents, namely 
–(CH2)2COOMe, and the BSA amino acid residues, which leads to 
an increase in the local concentration of the porphyrin in a single 
region of the protein, i.e., either binding site or a site on the 
surface of the BSA globule. This interaction along with 
hydrophobic forces contributes to the porphyrin aggregation.

Molecular docking§ confirms the main provisions above on 
the localization of the porphyrin J-dimer next to only one of the 
Trp residues, the presence of a specific interaction between the 
H2DP peripheral substituents and BSA as well as allows visualiza
tion of the complex formed (Figure  4). For the J-dimer, the 
affinity of H2DP for BSA is 11.6 kcal mol–1, while for the p–p-
dimer it is only 7.2 kcal mol–1.

In summary, H2DP forms both p–p- and J-aggregates in a 
water–DMF mixed solvent. The J-aggregates are detected at concen
tration of DMF in the mixed solvent less than 2.6 mol  dm–3. 
However, under these conditions they are present as a mixture 
with their p–p conterparts. As a single type of aggregated species, 
the J-dimers are formed via binding of 4 × 10–7 to 4 × 10–6 mol dm–3 
H2DP with BSA on the surface of its subdomain IB near the 
Trp(134) residue. The results obtained help in understanding the 

albumin–porphyrin interaction in blood as well as the aggregated 
porphyrin properties promising for material science applications.
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Figure  3  (a) TG and DTG curves for the H2DP–DMF solvate as well as 
(b) DSC curve for the H2DP–DMF–H2O solvate.
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Figure  4  H2DP J-dimer complex with BSA: (a) localization of the J-dimer 
in the BSA subdomain IB. (b),(c) Detailed views of the binding mode, the 
distance between the porphyrin macro ring plane and the Trp(134) residue 
as well as orientation of the peripheral H2DP substituents with respect to the 
BSA amino acid residues.
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