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Reports have suggested that polar porphyrins such as 

tetraphenylporphine tetrasulfonate (TPPS) can serve as 

carbohydrate receptors in water.  Here we find that TPPS shows 

changes in UV-visible absorption when treated with glucose, but 

that these are best explained by altered aggregation states and not 

by formation of a closely-bound complex.  

Biomimetic carbohydrate recognition presents a major challenge 

to supramolecular chemists.1  The problem is significant because 

saccharide recognition is a central natural phenomenon which 

plays roles in many biological processes.2  At the same time, 

theory suggests that binding carbohydrates in water should be 

unusually difficult.  Polar interactions must compete with 

solvation, while the hydrophobic surfaces in saccharides are 

relatively small.  In accordance, natural carbohydrate recognition 

is generally weak.3  The affinities (Ka) of lectins (carbohydrate-

binding proteins) for monosaccharides are typically in the range 

102 - 104 M−1, much smaller than most other biomolecular 

interactions.4 

 In general, research on synthetic carbohydrate receptors has 

confirmed the scale of the challenge.  For example our own 

efforts to bind glucose in water, using macrocyclic “synthetic 

lectins”, have achieved binding constants of just 60 M−1. 5  

However, the literature contains some counter-examples in 

which simple systems perform surprisingly well.  In particular a 

range of porphyrins with polar substituents have been studied in 

water (usually with small amounts of added methanol) by UV-

visible or fluorescence spectroscopy, and found to bind 

monosaccharides with remarkable affinities.6  Porphyrins 1 and 

2 are just two of many which have been investigated.  

Tetraphenylporphine tetrasulfonate (TPPS, 1) was reported to 

bind glucose 3 and galactose 4 with Ka = 120 and 135 M−1 

respectively (water-methanol, 95:5),6c while the 

tetraphosphonate 2 gave corresponding values of 17,600 and 

19,700 M−1.6b   
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 The apparent success of these systems raised interesting 

questions concerning the geometry and driving force for binding, 

which were not fully answered in the original reports.  We 

therefore undertook a further study of the interaction between 

commercially available TPPS 1 and glucose 3.  Herein we report 

the results, which highlight the difficulty of exploiting porphyrin 

units in water-soluble receptors.  Although porphyrins provide 

rigid scaffolds and extended hydrophobic surfaces, their 

tendency to aggregate can lead to complex behaviour which is 

readily misinterpreted.  Unfortunately we can find no clear 
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evidence that discrete, closely-associated complexes form 

between 1 and glucose under the conditions of these experiments. 

 We began by adding glucose to TPPS 1 (6 μM) in water-

methanol 95:5, and following the interaction by UV-visible 

spectroscopy (as performed in the original work).  Significant 

changes were observed in both the Soret and Q absorption bands 

of 1, as reported previously6c and as illustrated in Figs. 1a and 1b.  

Analysis of the data according to a 1:1 binding model could give 

tolerably good fits, as illustrated in Fig. 1c.  The Ka value 

obtained from this analysis was 2000 M−1, which is significantly 

higher than that reported previously.6c To check for aggregation 

of 1 we performed a dilution study following the intensity of the 

Soret band in the concentration range 3-60 μM, again following 

the earlier work.  As shown in Fig. 2, no significant deviation 

was observed from the Beer-Lambert law, suggesting that 1 was 

monomeric at these concentrations. 

 Although these results could be viewed as promising, the 

initial experiments gave some cause for concern.  While some 

titrations gave good fits to 1:1 binding, others did not.  The 

change in observed absorption varied considerably between 

experiments and, where analysis seemed possible, the derived 

binding constants varied considerably.  We therefore sought 

confirmation by other techniques.  We were especially interested 

to apply 1H NMR, as chemical shift changes can often be related 

directly to contacts between interacting molecules.  In the present 

case, the porphyrin ring current is known to induce dramatic 

changes to the chemical shifts of neighbouring protons.7  If the 

glucose is tightly associated with TPPS in any reasonable 

geometry, some effects should be expected.  Accordingly, a 1H 

NMR titration experiment was performed in which TPPS 1 (up 

to 10 mM) was added to glucose (2 mM) in D2O.  As shown in 

Fig. 3a, the signals due to glucose were entirely unaffected by 

the added porphyrin.  The signals due to the TPPS moved 

significantly, but the changes matched those for a dilution study 

in the absence of glucose (see Fig. S5, ESI) and are presumably 

due to aggregation.  The reverse experiment in which glucose 

was added to TPPS again showed no sign of interaction between 

the species (Fig. 3b).  Other methods were also investigated.  

Isothermal titration calorimetry (ITC) of glucose into 1 (0.5 mM) 

revealed almost no enthalpy change and no evidence for 

saturation as expected for 1:1 binding (see Fig. S6, ESI).  

Attempts to detect induced CD on addition of glucose to 1 were 

also unsuccessful (Fig. S7, ESI).  

 Faced with these contradictory results, we considered 

whether some other explanation might account for the spectra in 

Fig. 1.  In particular we realised we should revisit the question of 

aggregation.  Porphyrins are known to associate strongly in 

aqueous solution, even when furnished with powerful water-

solubilising substituents.  TPPS itself is much studied8 and the 

literature suggests that, depending on conditions, aggregation 

can occur even at μM concentrations.8a,e  We therefore decided 

to supplement the UV-visible dilution study (Fig. 2) with 

fluorescence spectroscopy.  Fluorescence emission spectra were 

 
Fig. 1. UV-visible titration of D-glucose into TPPS 1 (6.15 μM in water-MeOH  

95:5).  (a) and (b) Absorption in the Soret and Q bands respectively.  Arrows 

indicate decrease or increase of absorbance as glucose is added.  (c) 

Experimental and calculated values obtained by fitting the absorbance data at 

413 nm to a 1:1 binding model.  Apparent Ka = 2000 M−1.  Similar curves may 

be obtained from experiments in 100% water; see for example ESI Figs. S1-S3. 
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Fig. 2. The absorbance of TPPS 1 in water-methanol 95:5 at 412 nm plotted 

against concentration.  For spectra see Fig. S4. 
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obtained of 1 in water-methanol 95:5 at concentrations between 

6 and 0.05 μM.  As shown in Fig. 4, clear changes were observed.  

As the sample was diluted, emission at 605 nm increased relative 

to other wavelengths.  Fluorescence lifetime measurements 

confirmed that this was due to the appearance of a new species 

(see Table S1, ESI).  It thus seemed that the UV-visible study 

was misleading, and that aggregation was occurring even at these 

very low concentrations.  

 A key observation made during these studies was that the 

UV-visible absorption spectrum of 1 varied with sample age.  For 

example, the 413 nm Soret absorption of 1 (6 μM) in water, 

prepared by dilution from a 1 mM stock solution, decayed 

gradually by ~ 3% over a period of 24 hours (see Figs. 5, S8, S9).  

Though unexpected to us, this phenomenon is not new.  Others 

have noted that the UV-visible spectra of 1 depend on sample 

history, and equilibrate over slow timescales, due to gradual 

changes in aggregation state.8c,e  In the present case dilution of 

the stock solution disturbs the equilibrium position, and the 

redistribution between different types of aggregate clearly takes 

several hours.  We also observed that the rate and scale of 

absorption changes could be affected by additives, including 

carbohydrates.  Thus addition of glucose (600 μM) to the above 

solution caused a reduction in the Soret absorption of 7% over 

24 hours, while glycerol (600 μM) produced >8 % decay over 12 

hours (Fig. 5).  Both fluorescence lifetime and dynamic light 

scattering experiments confirmed that these changes were due to 

slow redistribution between aggregation states.  The former 

technique detected two species emitting at 605 nm with lifetimes 

of ~2 and ~10 ns respectively.  In all three solutions, the 

abundance of the 2 ns species increased substantially (from 

~50% to ~80%) over the 24 hour period (see Table S2, ESI).  

Dynamic light scattering on the solutions of 1 and 1 + glucose 

revealed the presence of both large (~3000 nm) and small (1-2 

nm) aggregates immediately after sample preparation.  The large 

particles became smaller and less predominant over a 16 hour 

period (see Figs. S10, S11 and Table S3, ESI).  

 These results suggest an explanation for the data in Fig. 1.  At 

the start of the experiment, dilution of the stock solution of 1 

gives a metastable solution in which much of the porphyrin is 

collected in large assemblies.  As the titration proceeds, the 

aggregation state of 1 in the cuvette slowly changes, mediated in 

 
 

Fig. 3. 1H NMR spectra of mixtures of TPPS 1 and glucose.  (a) Addition of TPPS 

to glucose (2 mM) in D2O.  Signals due to glucose (3-4 p.p.m) are unchanged 

(b) Addition of glucose to TPPS (2 mM) in D2O.  Signals due to TPPS (>7.5 

p.p.m.) are unchanged. 
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Fig. 4. Normalised fluorescence emission spectra for the dilution of TPPS 1 in 

water-methanol 95:5.  Excitation wavelength = 426 nm. 
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Fig. 5. Changes in normalised absorbance at 413 nm over time for TPPS 1 in 

water (6 μM) (blue line); TPPS (6 μM) + glucose (600 μM) in water (red line); 

and TPPS (6 μM) + glycerol (600 μM) in water (green line).  
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part by the added glucose.  Depending on the time taken between 

additions a curve results which, by coincidence, may 

approximate to a 1:1 binding isotherm.  Consistent results are 

possible if the operator works in a systematic manner, but any 

variation in procedure leads to different curve shapes and/or 

apparent binding constants (as observed by us).  The exact role 

of the glucose is unclear, and may involve some degree of 

binding to specific aggregates.  However, the changes in the 

absorption spectra do not reflect the formation of discrete 1:1 

complexes.  Moreover the effect is not specific, as glycerol 

seems to behave similarly. 

 In conclusion, we have re-examined the porphyrin 1 as a 

receptor for carbohydrates in aqueous solution, and have found 

no evidence for the formation of 1:1 complexes.  Although 

addition of glucose may induce changes in the UV-visible 

spectra of 1, these seem to be associated with complex and 

kinetically slow adjustments to the aggregation state of the 

porphyrin.  Changes can occur even when nothing is added to the 

TPPS, and other additives (e.g. glycerol) can also serve as 

promoters.  Titration experiments may yield curves which seem 

consistent with 1:1 binding, but this impression is illusory.  

While these conclusions apply only to TPPS 1, it seems likely 
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