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Abstract: 

A new fluorescent lactose molecule (pyd-lact) (E)-1-(galactose-β-(1→4)-β−D−glucopyranosyl)-

4-(1-pyrene)-but-3-en-2-one, has been synthesized by attaching 1-pyrene-but-3-ene-2-one with 

lactose. Extended π-conjugation removes the emission forbidden-ness of pyrene which results in 

the broad spectrum. Detailed photo-physical studies in homogeneous media show the sensitivity 

of ICT (intra molecular charge transfer) emission towards medium polarity. Unlike pyrene, pyd-

lact is more soluble in water at probe’s concentration (10 µM), because of the attached 

disaccharide. Thus, the usage of pyd-lact as an aqueous probe is found to be advantageous over 

pyrene. Using the polarity sensitivity of fluorescence parameters (intensity, shift of emission 

maximum, anisotropy, lifetime) micro-heterogeneity of anisotropic media such as β-CD, bile 

salts, pluronic P123 have been monitored. In contrast to pyrene-3-carboxaldehyde which is often 

used as a hydrophobic fluorescent molecular probe, pyd-lact reports from the interfacial regions 

of micro-heterogeneous media.    
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Introduction: 

Fluorescence is an important spectroscopic tool in the field of bio and bio-mimic systems. For 

biological applications fairly water soluble fluorophores are needed as water is the unique 

solvent in bio-systems. But, a major problem of several organic molecular probes is insolubility 

in water which limits their bio-applicability. Highly hydrophobic pyrene and its non-polar 

derivatives often suffer from this insolubility problem (e.g. pyrene is soluble in water at 0.64 

µM).1 As for example, pyrene-3-carboxaldehyde, a sparingly soluble fluorophore, is one of the 

most useful derivative of pyrene due to its polarity sensitivity.2-9 Solubility of this kind of probes 

in water can be improved by functionalization or conjugation with polar groups or molecules, 

respectively. Functionalization of pyrene with polar –SO3
- and   –OH groups increase aqueous 

solubility of pyranine.9 Likewise, sugar molecules are highly suitable for conjugation due to their 

bio-compatibility.10 It has been found that, applicability of conventional fluorescent molecular 

probes can be increased by suitable conjugation with different molecules of interest. Conjugation 

of this kind helps to localize the probe at specific site of interest in different micro-heterogeneous 

media.11,12  These probes are often referred as ‘system probes’ which are known for providing 

more information and less perturbation than the standard probes.11,12  For last couple of decades, 

several system probes attached with steroids, lipids, sugar molecules, proteins, DNA fragments 

have been introduced to investigate the relevant bio-functionalities.10-23 Along with good probing 

ability these conjugations can also increase compatibility of the probe molecules with the 

corresponding organized systems. As for example, use of fluorescent carbohydrates help to 
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increase the sensitivity of capillary electrophoresis (CE) of oligosaccharides.21,22 Likewise, 

fluorescent cyclodextrin derivatives are known for their good sensing ability.16,23 Extending the 

versatility of fluorescent carbohydrates, in our recent work,24 we have introduced a conjugate 

involving pyrene and a protected glucose unit, 1-(4,6-O-butylidene-β-d-glucopyranosyl)-4-(1-

pyrene)-butan-2-one (pyd-glc) for micro-heterogeneous media. Protection of the glucose moiety 

in this molecule allowed polarity modulation so as to impart better partitioning of the molecule 

to non-polar micro-heterogeneous media.24   

The present work introduces a pyrene derivative conjugated to a highly hydrophilic lactose unit, 

(E)-1-(galactose-β-(1→4)-β−D−glucopyranosyl)-4-(1-pyrene)-but-3-en-2-one (pyd-lact) (Figure 

1). As the structure shows, the basis fluorophoric unit in pyd-lact is an extended π-conjugated 

system with an electron deficient carbonyl group in one end which would have photo-physical 

properties significantly different from that of pyrene (Figure 1). In addition, the enhanced 

hydrophilicity contrast within the molecule could enable efficient localization of pyd-lact at 

hydrophobic-hydrophilic interfaces of the micro-heterogeneous media, unlike pyrene-3-

carboxaldehyde which is a hydrophobic probe.6 Pyrene carbonyl compounds (pyrene-3-

carboxaldehyde, 1-acetylpyrene, 1-pyrenecarboxylic acid, 1-methoxycarbonylpyrene) are well 

known for their unique photo-physical properties and have widely been used in various fields.2 

As for example, pyrene-3-carboxaldehyde is a popular probe for micelles,2-8 1-acetylpyrene has 

been used as light-harvesting antennas,2,25,26 1-pyrenecarboxylic acid is a pH probe2,27,28,29 and 1-

methoxycarbonylpyrene has been used as a signal sensitizer.2,30 Pyrene-3-carboxaldehyde and 1-

acetylpyrene are known for their low fluorescence (knr = kISC >> kr), whereas, 1-pyrenecarboxylic 

acid and 1-methoxycarbonylpyrene are known for high fluorescence (kr >> knr).
2 The interesting 
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photo-physics of pyrene carbonyl compounds along with their versatile applications have made 

this molecule worthy for investigation.  

 

 

 

 

Figure 1: Molecular structure of (E)-1-(galactose-β-(1→4)-β−D−glucopyranosyl)-4-(1-pyrene)-

but-3-en-2-one, (pyd-lact). 

 Cyclic oligosaccharide, β-cyclodextrin (β-CD) composed of D(+)-glucopyranose units has been 

used as a sugar based anisotropic media to monitor the sensitivity of pyd-lact.31-35 These toroidal 

cycloamyloses show micro-heterogeneity because of their hydrophilic outer surface containing   

–OH groups and lypophilic inner core.31 Due to the inclusion complex forming ability, 

cyclodextrins (α, β, γ - CDs) are being used in drug delivery systems, food industries, 

environmental protection, toxicity reduction of medicines etc.32,34 Bile salts and pluronic micro-

heterogeneous media have been used as non-sugar bio-anisotropic media to analyze the potential 

of pyd-lact. Bile salts are naturally occurring surfactants which help to digest fat in animal 

hepatobiliary system.36 Hydrophobic steroidal backbone in one face and hydrophilic –COOH and 

–OH groups in opposite face imparts facial polarity. Drug-bile conjugates have been used in 

several occasions to improve the intestinal absorption of poorly absorbed drugs.37,38 Pluronic 

P123 (PEO20-PPO70-PEO20) is a tri-block co-polymer composed of hydrophilic poly (ethylene 

oxide) (PEO) and hydrophobic poly (propylene oxide) (PPO) units.39,40,41 Anhydrous 

hydrophobic core region of PPO units helps in solubilizing water insoluble drug molecules.39 On 
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the other hand, hydrophilic corona region of PEO units keeps the micelle dispersed in water and 

ensures drug availability to the target cells.39 Now a days, ‘polymer therapeutics’ has been 

successfully used in drug and gene delivery, diagnostic imaging, cancer treatment etc.40       

 The particular aims of this work are, (i) to synthesis and characterize a newly modified pyrene 

derivative (E)-1-(galactose-β-(1→4)-β−D−glucopyranosyl)-4-(1-pyrene)-but-3-en-2-one, (pyd-

lact) with considerable solubility, (ii) to study its photo-physics in homogeneous media and (iii) 

to study its response in sugar-based micro-heterogeneous media, β-CD and also in other non-

sugar based media like bile salts (NaC, NaDC) and pluronic (P123).     

Material and Methods: 

Materials: β-CD, pluronic P123 was purchased from Sigma Chemical Co. (Bangalore, India). 

Sodium di-hydrogen phosphate, di-sodium hydrogen phosphate were purchased from Merck 

Specialties Pvt. Ltd. (Mumbai). Bile salts, sodium cholate (NaC) and sodium deoxy cholate 

(NaDC) were purchased from S. D. Fine Chemical Company, India. Triple distilled water used 

for all experiments was prepared by using KMnO4 and NaOH. All other solvents used were of 

spectroscopic grade.   

 0 to 16 mM solutions of β-CD in pH ~ 7.4 phosphate buffer were used for this study. Fresh 

stock solutions were prepared for all the experiments. NaC and NaDC concentrations were 

varied from 0-48 and 0-18 mM, respectively. pH of the solutions were kept at ~ 7.4 with 50 mM 

phosphate buffer, similar to the physiological condition. Fresh bile salt solutions were used to 

avoid aging. 10% (w/v) solution of pluronic P123 in triple distilled water was used for this 

experiment. Polymeric solution was kept in fridge to ensure complete dissolution. Then probe 
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solution was added with the prepared polymeric solution and kept over-night to ensure 

homogeneity.  

 1 mM methanolic solution of pyd-lact was used as stock solution for all experiments. After 

evaporating methanol triple distilled water was added and sonicated to get a stock solution of 50 

µM probe in water. Final probe concentration was maintained at 10 µM. 

Photophysical studies: Fluorescence measurements were done by using Fluoromax 4 (Horiba 

Jobin Yvon) spectrofluorimeter having 150 W Xenon lamp as excitation source. Steady state 

fluorescence anisotropy (rss) was determined by using the following equation.42 

                                                               = 
2

VV VH
SS

VV VH

I GI
r

I GI

−
+

,                = HV

HH

I
G

I  

where, IVV and IVH are fluorescence intensities and subscripts V (vertical) and H (horizontal) 

signify orientation of excitation and emission polarizer and G is the instrument correction factor. 
 

 Data acquisition was done by Horiba Jobin Yvon TCSPC lifetime instrument in time-correlated 

single-photon counting arrangement. Nano-LED of 370 nm was used as excitation source. The 

pulse repetition rate was set to 1 MHz. Instrumental full width at half-maxima of the 370 nm 

LED, including the detector response was measured to be ~1.1 ns. The instrument response 

function was collected by using scattered medium, LUDOX AS40 colloidal silica. IBH software 

was used for the decay analysis. Decays were fitted to get a symmetric distribution keeping χ2 

value at 0.99 ≤ χ2 ≤ 1.37. Average fluorescence lifetime (τaveg) was calculated using the following 

equation 42 where τi is the lifetime of i-th component with amplitude βi, where n signifies number 

of components present. 
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 The desired temperature was controlled by using water circulation through jacketed cuvette 

holder from a refrigerated bath (Julabo, Germany). 

Results and Discussion: 

Synthesis of (E)-1-(galactose-ββββ-(1→4)- β β β β-D-glucopyranosyl)-4-(1-pyrene)-but-3-en-2-one, (pyd- 

lact). To a solution of β-C-glycosidic ketone, 1 (1 mmol) in dry DCM were added pyrrolidine 

(30% mol) and 1-pyrenecarboxaldehyde, 2 (1.2 mmol).43  After stirring at room temperature for 

20h, the reaction mixture was evaporated under reduced pressure and extracted by EtOAc-water.  

The ethylacetate layer was dried over anhydrous Na2SO4 and concentrated to dryness.  The 

product was further purified by flash column chromatography. 

 

 

 

 

 

 

Scheme 1: Synthesis of (E)-1-(galactose-β-(1→4)- β-D-glucopyranosyl)-4-(1-pyrene)-but-3-en-

2-one, (pyd- lact). 
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Photo-physical studies of (E)-1-(galactose-β-(1→4)-β−−−−D−−−−glucopyranosyl)-4-(1-pyrene)-but-

3-en-2-one (pyd-lact) in homogeneous media. Absorption spectra of pyd-lact in different 

solvents are given in Figure 2a. Absorption spectra of pyd-lact are red shifted (~380 nm) as 

compared to that of pyrene (~340 nm) due to the double bond and keto conjugation. The 

extension of conjugation of pyrene chromophore through the α,β-unsaturated carbonyl group 

causes significant blurring2 of the vibrational fine structure of the parent pyrene 

chromophore.24,44 In addition to this spectral broadening there could be the possibility of charge 

transfer interaction in polar solvents which give rise to the peak with a shoulder. Unlike pyrene-

3-carboxaldehyde, absorption spectra of pyd-lact show minor perturbation towards solvent 

polarity. Here, pyd-lact exhibits a bathochromic shift of ~17 nm from methanol (361 nm) to 

water (378 nm). The longer wavelength onset of the absorbance spectrum in water signifies the 

presence of ground state charge transfer forms. Figure 2b shows emission spectra of pyd-lact in 

solvents of different polarity. In normalized spectra (inset of Figure 2b), emission of pyd-lact 

shows a red shift of ~96 nm  from THF (dielectric constant 7.6) to water (dielectric constant 

80.1). Similar positive solvatochromism is also found in pyrene-3-carboxaldehyde.2 But, in pyd-

lact fluorescence emission is much red shifted compared to pyrene-3-carboxaldehyde. This could 

be due to the extended π electron delocalization through the double bond to the carbonyl moiety. 

A small signature of structured band at shorter wavelength indicates local emission, in addition 

to the red shifted charge transfer emission.2 The phenomenon of charge transfer has been 

observed in time dependent density function theory (TDDFT) calculation using Gaussian 09.45 

The bulky lactose moiety has been replaced with a small methyl group for reducing 

computational cost. The optimized ground state geometry in gas phase shows that pyrene is not 

planer with α,β-unsaturated carbonyl group (Figure 3a). The frontier molecular orbital 
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calculation using B3LYP/6-31G(d)46 depicts that the HOMO of pyd-lact is more localized over 

the pyrene ring and the LUMO is more localized on the α,β-unsaturated carbonyl moiety (Figure 

3b). This hints at the possibility of ICT (intramolecular charge transfer). In literature it is known 

that pyrene ring may act as either a donor or an acceptor depending on the substituent present. 

From the figure 3b it is evident that pyrene is donor and α,β-unsaturated carbonyl group behaves 

as an acceptor.47 The highest separation of the local and ICT band (Figure 2b) is found in water 

due to its high polarity (dielectric constant 80.1). In case of derivatives (e.g. pyrene-3-

carboxaldehyde, 1-acetylpyrene etc.), where pyrene is directly attached with carbonyl moieties 

proximity effect of n- π* and π - π* state was used for explaining the fluorescence and its 

solvatochromic shift.2,5   

 

 

 

 

 

 

Figure 2: (a) Absorption spectra and (b) fluorescence spectra of pyd-lact, inset shows normalized 

emission spectra at 10 µM in solvents of different polarity.   
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Figure 3: (a) Ground state optimized structure and (b) HOMO and LUMO of pyd-lact from 

B3LYP/6-31G(d), in gas phase.  

Solvatochromic shift of the charge transfer emission band of pyd-lact has been fitted in several 

solvent parameter scales.42,48  Lippert-Mataga plot has been made (Figure 4a) according to the 

following equation,42  

 

 

here, Aν  and Fν  are the wavenumbers (cm-1) of absorption and emission maxima, respectively, h 

is Plank’s constant, c is the speed of light, ε is dielectric constant of the medium, n is refractive 

index of the solvent, a is radius of the cavity occupied by the fluorophore, µE and µG are the 

dipole moments of the fluorophore in excited state and ground state, respectively. In Lippert-

( )22
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Mataga plot, Stokes’ shift is plotted against the orientation polarisability (∆f), which defines as 

follows, 

 

  

Linearity of the Lippert-Mataga plot indicates bulk polarity of solvents is responsible for the red 

shift of emission maxima rather than any kind of specific interaction. Non-linearity of 1,4-

dioxane observed in this plot is due to its quadrupole moment.49 Although 1,4-dioxane is a non-

polar molecule, high quadrupole moment of its chair conformation and high polarity of its boat 

conformation increase solute-solvent interaction. As a result, it behaves as a pseudo-polar 

solvent.49 In Figure 4b solvatochromic shift of pyd-lact emission maxima has been fitted with 

respect to the Kosower's Z value.48 Unlike Lippert-Mataga plot, Kosower's plot is a single 

parameter approach which also shows linear plot. Similar correlation with solvent polarity has 

also been found in case of pyrene-3-carboxaldehyde.3 In the previously introduced molecule, 

pyd-glc, the essential fluorophore is the basic pyrene moiety and hence the intensity ratio of II/IIII 

could be used as a photophysical parameter for polarity sensing.24 For the present molecule pyd-

lact, however, the extension of conjugation results in significantly different photophysical 

properties. Thus the emission spectrum is structure less and broad. The solvatochromic shift of 

the emission (Figure 4) indicates charge transfer character of the emission band which can be 

used to follow the micro-polarity of organized media. Photo-physical studies using binary 

solvents have also been done with 1,4-dioxane and water (Supporting Information, Figure S1). It 

shows a gradual shift of emission maxima towards red with the gradual increase in dielectric 

constant of the solvent mixture (normalized spectra, inset of Supporting Information, Figure S1). 
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This experiment further shows the effect of general solvation is responsible for the 

solvatochromic shift of the charge transfer band.  

 

 

 

 

 

Figure 4: (a) Lippert-Mataga plot and (b) Kosower plot for pyd-lact.  

Interaction study of pyd-lact with β-CD. β-cyclodextrin (CD) having a cavity diameter 6.2 Å 

and length 8.0 Å, is known to accommodate one pyrene molecule in its lager side.3,31,35 
 As pyd-

lact has a pyrene moiety it is expected to respond in presence of β-CD. Figure 5a shows the 

change in emission spectra of pyd-lact with increasing concentration of β-CD. When the 

molecule is encapsulated in the cavity of β-CD it experience more hydrophobic environment as a 

result of this, longer wavelength ICT band shifts towards blue with intensity enhancement and 

merge with the shorter wavelength local emission band. Inset of Figure 5a shows the normalized 

spectra of the same which shows blue shift of emission maxima. A gradual hypsochromic shift of 

~ 40 nm (Figure 5b) has been found due to pyrene’s new location inside the β-CD nano-cavity. 

As in the presence of host molecule (β-CD), guest molecule (pyd-lact) goes into the hydrophobic 

cavity provided by the host leaving the aqueous solvation sphere. Dielectric constant (ε) of β-CD 

cavity is 48, which is much lower as compared to water (ε = 80). As a result, pyd-lact experience 

a much lower polarity in presence of β-CD resulting in the blue shift of emission maxima.3,50 
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From the value of emission maxima micro-polarity of β-CD cavity has been determined by using 

the linear plot of Kosower Z scale (Supporting Information Figure S2). At 16 mM β-CD 

concentration, Kosower Z value is found to be ~ 81.74 for pyd-lact which resembles with the 

methanolic medium.  An increase of fluorescence intensity by two times (Figure 5b) has also 

been found with increasing β-CD concentration. Figure 5c shows the variation of steady state 

fluorescence anisotropy (rSS) with increasing β-CD concentration. pyd-lact shows marked change 

in anisotropy value due to the allowed fluorescence transition of α,β-unsaturated carbonyl 

conjugated pyrene. But in contrast, anisotropy was an insensitive parameter for the previous 

molecule, pyd-glc due to the forbidden emission of basis pyrene unit. Increase in anisotropy 

signifies pyrene moiety of pyd-lact is in more rigid environment as compare to the aqueous 

medium. The most probable scheme for pyd-lact - β-CD complex has been shown in Figure 5d, 

where pyrene ring goes inside axially keeping its large disaccharide ring outside. Literature 

reports also support the inclusion of pyrene into β-CD cavity in this manner.35 Reports show that, 

at moderate concentration, β-CD forms 1:1 complex with pyrene, which has been proven by 

lifetime data and CPK space filling model.35 Having a length of 10.4 Å and width of 8.2 Å 

pyrene cannot enter into β-CD cavity fully like γ-CD, only part of it goes inside in the following 

manner.35
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Figure 5: (a) Fluorescence spectra of pyd-lact (10 µM) with increasing concentration of β-CD, 

inset shows its normalized spectra, variation of (b) fluorescence intensity and emission maxima 

and (c) steady state fluorescence anisotropy (rSS) of pyd-lact with increasing β-CD concentration, 

at λex 380 nm and (d) probable scheme for the penetration of pyd-lact inside β-CD cavity. 

 Inclusion constant of the host-guest complex has been determined by the following non-linear 

scattering method.32 
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the concentration of β-CD. From this equation, it is clear that inclusion constant (Ki) can be 

determined from slope/intercept value of the straight line obtained by plotting [ ]1/ CD  vs.

( )0

1
I I−

, as shown in Figure 6. From this plot the value of Ki is obtained to be (240 ± 10) M-1 

at room temperature. This value for pyd-lact is comparable well with Rutin, a sugar containing 

flavone.34 The perfect linearity (R2 = 0.9961) shows exclusive presence of 1:1 inclusion 

complex. The inclusion constant value of pyd-lact is lower (Ki = 240 M-1) as compared to the 

previously introduced probe, pyd-glc (Ki = 550 M-1).24 This is possibly due to the higher 

hydrophilicity of the lactose group as well as the bulkiness of disaccharide lactose molecule in 

pyd-lact as compared to the protected glucose in pyd-glu.  

 

 

 

 

 

 

 

Figure 6: Determination of inclusion constant of pyd-lact in β-CD cavity at room temperature.   

 The indication of encapsulation of pyd-lact in β-CD cavity has also been obtained from the 

absorbance study (Supporting Information, Figure S3). It has been found that, on the addition of 

16 mM β-CD into the aqueous solution of pyd-lact there is a ~ 40 nm blue shift (500 nm for 

water and 460 nm for 16 mM β-CD solution) in the onset of the absorbance spectrum. This 
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indicates the encapsulation of pyd-lact inside the β-CD cavity due to which the probe is 

experiencing much hydrophobic environment. As a result of this, the red shifted onset of the 

charge transfer absorbance in water is undergoing hypsochromic shift. Along with that, there is a 

clear isosbestic point at 427 nm which indicates the two state equilibrium of pyd-lact in water 

and in β-CD cavity at the ground state. 

Figure 7 shows fluorescence lifetime decay profiles of pyd-lact with increasing β-CD 

concentration. Table S1 in Supporting Information summarizes the fluorescence lifetime values 

with increasing concentration of β-CD, at λex = 370 nm. Residue distribution plots for the same 

have been given in Supporting Information, Figure S4. Bi-exponential decay of fluorescence 

lifetime is due to the presence of both local and ICT state which are very difficult to be 

assigned.2 So for simplicity, average fluorescence lifetime has been calculated and used for 

further analysis. Moreover, the extension of conjugation lifts the S0-S1 transition forbidden-ness 

of pyrene, thereby decreasing the fluorescence lifetime of pyd-lact.47 The two fold increase in 

average fluorescence lifetime (τaveg) value (inset of Figure 7) is parallel with the increase in 

fluorescence intensity. The average fluorescence lifetime increases due to the new location of 

pyd-lact into the hydrophobic β-CD nano-cavity that reduces non-radiative decay.  
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Figure 7: Fluorescence lifetime decay profiles of pyd-lact with increasing concentration of β-CD, 

inset shows variation of average fluorescence lifetime with increasing β-CD concentration, λex = 

370 nm. 

Interaction of pyd-lact with bile salts (NaC, NaDC). With increasing bile salt concentration 

monomeric units of bile salt start aggregating forming primary aggregates followed by the 

formation of secondary aggregates at higher concentration.38 Sodium cholate (NaC) and sodium 

deoxycholate (NaDC) are the examples of bile salts having critical micellar concentration (CMC) 

12-16 and 4-6 mM, respectively.38 Here, pyd-lact has been used as a sensor of micro-polarity 

induced by the aggregation of bile salts. Figure 8a and c show the change in fluorescence spectra 

with increasing concentration of NaC and NaDC, respectively. The longer wavelength ICT 

emission of pyd-lact shifts towards the shorter wavelength LE emission with intensity 

enhancement in presence of hydrophobic bile salt environment and finally merges to a single 

peak. Inset of Figure 8a and c are the respective normalized spectra. With increasing bile salt 

concentration blue shift of the emission maxima has been found due to the progressive 

micellization of bile salt media as shown in Figure 8b and d. Enhancement of fluorescence 

intensity follows the critical miceller concentration of the respective bile salts (Figure 8b and d). 

Figure 8e shows the change of steady state fluorescence anisotropy (rSS) as a function of NaC 

and NaDC concentration. Anisotropy arises due to the extended π-conjugation and it shows onset 
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at the critical micellar concentration. This has not been found in case of the previously 

introduced molecule, pyd-glc with basis pyrene moiety. From Figure S2 in Supporting 

Information, polarity of the post miceller bile salt media has been calculated using Kosower Z 

plot. Kosower Z value has been found to be ~ 78.56 and 76.80 in NaC and NaDC media, 

respectively. It shows the location of pyd-lact in NaC and NaDC media is like EtOH and i-PrOH 

medium, respectively. Due to the hydrophilic character of pyd-lact it resides mostly inside the 

more polar cavity provided by the secondary aggregates of bile salts.51 The lower Z value in di-

hydroxy NaDC media than tri-hydroxy NaC media gives an indication towards medium micro-

polarity by pyd-lact.   
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Figure 8: (a) Fluorescence spectra of pyd-lact (10 µM) with increasing concentration of NaC, 

inset shows normalized spectra, (b) variation of fluorescence intensity and emission maxima 

with NaC concentration, (c) Fluorescence spectra of pyd-lact (10 µM) with increasing 

concentration of NaDC, inset shows normalized spectra, (d) variation of fluorescence intensity 

and emission maxima with NaDC concentration, (e) variation of steady state fluorescence 

anisotropy (rSS) of pyd-lact with increasing bile salt concentration, at λex 380 nm. 

 Figure 9a and b show the fluorescence lifetime decay profiles of pyd-lact with micellization of 

NaC and NaDC, respectively. Table S2 and S3 in Supporting Information summarize the 

fluorescence lifetime data of pyd-lact with increasing NaC and NaDC concentration, 

respectively. Residue distribution plots for the same have been given in Supporting Information, 

Figure S5 and Figure S6. Similar bi-exponential decay of fluorescence lifetime has also been 
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obtained in bile salt media which has been averaged out for further analysis. Onsets of average 

fluorescence lifetime (τaveg) value occur at the respective CMCs (inset of Figure 9a, b) 

 

 

 

 

 

 

Figure 9: Fluorescence lifetime decay profiles of pyd-lact with increasing concentration of (a) 

NaC and (b) NaDC, at λex = 370 nm. 

Interaction of pyd-lact with 10% pluronic P123 as a function of temperature. The 

thermotropic sol-gel transition of highly industrially used block polymer pluronic P123 has been 

investigated using pyd-lact. This kind of polymers form micelle and gel both as a function of 

concentration and temperature.41 Although CMC value differs from batch to batch, this used 

concentration (10%) is far above the CMC of pluronic P123 at that temperature.41,52,53 Figure 10a 

shows the change in fluorescence spectra of pyd-lact in 10% P123 with temperature, inset shows 

its normalized form. A ~20 nm hypsochromic shift of emission maxima from water (λem = 550 

nm) to the polymeric sol media (λem = 530 nm) has been found. Figure 10b shows the variation 

of fluorescence intensity and emission maxima of pyd-lact with sol-gel transition in P123 media. 

There is a sigmoidal decrease in the intensity and emission maxima as a function of temperature. 

In the respective derivative plots it show minima at 15℃ which is the sol-gel transition 

temperature of 10% P123. The progressive dehydration of the micelle during sol-gel transition 
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increases hydrophobicity of the medium as a result, blue shift of emission maxima takes place.54 

Kosower Z value  in sol state is 88.65 which indicates water-MeOH like environment, whereas, 

in gel state it senses non-polar EtOH like environment with Z value 78.95 (Supporting 

Information, Figure S2). Figure 10c shows the comparison of emission intensities of pyd-lact in 

pluronic P123 and water. In polymeric media there is almost 10 times increase in fluorescence 

intensity as compare to water. The intensity decrease of pyd-lact in pluronic P123 media shows a 

specific pattern unlike in water. Steady state fluorescence anisotropy (rSS) also indicates sol-gel 

phase change (Figure 10d). As the polymeric system alters itself from hydrated sol state to 

dehydrated gel state there is a marked increase in fluorescence anisotropy. In the derivative plot 

(insets of Figure 10d) it shows maxima at the sol-gel transition temperature (150C).    
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Figure 10: (a) Fluorescence spectra of pyd-lact (10 µM) in 10% pluronic P123 with increasing 

temperature, inset shows normalized spectra, (b) variation of fluorescence intensity and emission 

maxima of pyd-lact in 10% pluronic P123 with increasing temperature, inset show derivative 

plots, (c) fluorescence intensity change of pyd-lact in water and pluronic P123 media with 

increasing temperature and (d) variation of steady state fluorescence anisotropy (rSS) of pyd-lact 

in 10% pluronic P123 with increasing temperature, inset shows derivative plot, at λex 380 nm. 

 Fluorescence lifetime decay profiles of pyd-lact in 10% pluronic P123 with temperature has 

been given in Figure 11a. Table S4 in Supporting information enlists the fluorescence lifetime 

data of pyd-lact in both water and pluronic P123 media at different temperatures. Residue 

distribution plots for the same have been given in Supporting Information, Figure S7. Average 

fluorescence lifetime of the bi-exponential decay has been used for analysis to avoid 

complication. Figure 11b compares the average fluorescence lifetime (τaveg) values of pyd-lact in 

water and pluronic P123 media. This shows average fluorescence lifetime of pyd-lact in pluronic 

P123 is higher than the aqueous solution which supports the steady state data (Figure 10c). In 

pluronic P123, average fluorescence lifetime decreases with a particular pattern showing minima 

at the sol-gel transition temperature in its derivative plot (inset of Figure 11b).  
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 Significant change in the above mentioned fluorescent parameters at sol-gel transition 

temperature (150C) suggests the probable location of the probe inside the micelle.55 Due to the 

attached lactose moiety with seven hydroxyl groups pyd-lact is a fairly hydrophilic molecule 

with an affinity for the interfacial region. As a result, it can be assumed that lactose moiety of 

pyd-lact remains in the corona region with the pyrene ring at core-corona interfacial region. Very 

high value of steady state fluorescence anisotropy (rSS) in the gel phase supports this model.   

 

 

 

 

 

 

Figure 11: (a) Fluorescence lifetime decay profiles of pyd-lact in 10% pluronic P123 with 

increasing temperature and (b) average fluorescence lifetime of pyd-lact in both water and 10% 

pluronic P123 media, inset shows derivative plot of average fluorescence lifetime value in 10% 

pluronic P123 with temperature, at λex = 370 nm. 

Conclusion: 

A detailed photo-physical study on the newly synthesized fluorescent molecular probe, (E)-1-

(galactose-β-(1→4)-β−D−glucopyranosyl)-4-(1-pyrene)-but-3-en-2-one, (pyd-lact) has been 

carried out in both homogeneous and micro-heterogeneous media. Electron withdrawing 

extended π-conjugation removes the emission forbidden-ness of pyrene which arises broad 
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charge transfer emission band for pyd-lact. As a result of this conjugation induced allowedness 

of the S1-S0 transition, anisotropy value comes as a key parameter to monitor the micro-

heterogeneity, unlike pyd-glc with basis pyrene unit. Characteristics long fluorescence lifetime 

of pyrene decreases substantially due to this conjugation. Polarity dependent solvatochromic 

shift of the intramolecular charge transfer emission band of pyd-lact is like pyrene-3-

carboxaldehyde and provides a useful parameter to determine medium polarity. This probe has 

been employed into sugar based β-CD media where it forms 1:1 complex with an inclusion 

constant value (240 ± 10) M-1 at room temperature. This value is fairly low as compared to the 

less bulky probe molecule, pyd-glc, which shows that the size of sugar molecule plays an 

important role in inclusion. Additionally, pyd-lact has been employed into the non-sugar based 

micro-heterogeneous bile salt and polymeric P123 media. pyd-lact has been found to follow the 

progressive miceller aggregation of natural surfactant, bile salts. Thermo-reversible sol-gel 

transition of tri-blocked pluronic P123 has also been monitored by this probe. Finally this work 

shows that, being a hydrophilic probe pyd-lact appears as a sensitive probe towards sensing the 

interfacial region of micro-heterogeneous media, whereas, common pyrene derivatives act as 

hydrophobic probes. 

Experimental section:  
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Synthesis of 1-(galactose-ββββ-(1→4)-β−β−β−β−D−−−−glucopyranosyl)-propan-2-one (1): To a solution of D-

lactose (3.82 g, 10 mmol) in 8:2 water-THF (10 ml) were added NaHCO3 (3.36 g, 40 mmol) and 

2,4-pentadienone (2.1 ml, 20 mmol).  After stirring at 90 ºC for about 24 h, followed by 

concentration to dryness under reduced pressure and fractionation by column chromatography 

with 3:7 (CHCl3-MeOH) resulted in product, 1 as colorless crystals.  M.p.: 152-155 ºC;  Yield : 

67 %; 1H NMR (CDCl3): δ 4.31 (d, J =7.8 Hz, 1H, Sac-H), 3.46-3.79 (m, 10H, Sac-H), 3.41 (t, J 

= 8.7 Hz, 2H, Sac-H), 3.14 (t, J = 8.6 Hz, 1H, Sac-H), 2.89 (d, J = 16.8 Hz, 1H, Sac-H), 2.55-

2.63 (dd, J = 16.7 Hz, J = 9.0 Hz, 1H, Sac-H), 2.14 (s, 3H, -COCH3);  
13C NMR (CDCl3): δ 

213.1 (Sac-C), 102.9 (Sac-C), 78.4 (Sac-C), 78.3 (Sac-C), 75.8 (Sac-C), 75.3 (Sac-C), 75.1 (Sac-

C), 72.8 (Sac-C), 72.5 (Sac-C), 70.9 (Sac-C), 68.5 (Sac-C), 61.0 (Sac-C), 60.1 (Sac-C), 45.6 

(Sac-C), 29.8 (-CH3). 

 

 

 

 

Synthesis of (E)-1-(galactose-β-(1→4)-β-D−−−−glucopyranosyl)-4-(1-pyrene)-but-3-en-2-one, 
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2H, Sac-H), 3.02-3.81 (m, 15H, Sac-H); 13C NMR (75 MHz, TMS, ppm): δ 198.1, 138.2, 132.2, 

130.8, 130.2, 129.4, 129.2, 128.6, 128.2, 127.3, 126.6, 126.1, 125.9, 125.3, 124.5, 124.0, 123.7, 

122.6, 103.8, 80.9, 78.7, 76.2, 75.8, 75.5, 73.3, 73.2, 7.06, 68.1, 60.6, 60.3, 43.4. Elemental 

analysis Anal. Calc. for C32H34O11: C, 64.64; H, 5.76 %. Found: C, 64.97; H, 5.60. 

Associated Content: 

Supporting Information. Fluorescence spectra of pyd-lact in water with increasing % of 

1,4-dioxane, Determination of the medium polarity from λem value using Kosower Z scale for β-

CD, bile salts and pluronics media, Absorbance spectra of pyd-lact in water and β-CD, 

Fluorescence lifetime data of pyd-lact with increasing β-CD concentration, Residue distribution 

plot of pyd-lact in β-CD. Fluorescence lifetime data of pyd-lact with increasing NaC 

concentration. Fluorescence lifetime data of pyd-lact with increasing NaDC concentration. 

Residue distribution plot of pyd-lact in NaC. Residue distribution plot of pyd-lact in NaDC. 

Fluorescence lifetime data of pyd-lact in water and 10% pluronic P123 with increasing 

temperature. Residue distribution plot of pyd-lact in water and 10% pluronic P123 with 

temperature. 1H NMR spectrum of pyd-lact. 1H NMR expansion spectrum of pyd-lact. 13C NMR 

spectrum of pyd-lact. 
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