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ABSTRACT 

The entrapment of two hydrophobic molecules, benzophenone and tamoxifen, into self-assembling 

cyclodextrin (CD) based nanogels has been studied. These nanogels formed spontaneously upon the 

association of a hydrophobically modified dextran (MD) and a cyclodextrin polymer (pβCD). The 

interactions of benzophenone and tamoxifen with MD and pβCD were investigated using phase 

solubility studies, circular dichroism and Isothermal Titration microCalorimetry. Both hydrophobic 

molecules were included into the CD cavities of the pβCD and were also solubilized by MD into its 

hydrophobic microdomains. We took advantage of these interactions to form benzophenone- and 

tamoxifen-loaded nanogels. The highest benzophenone loadings were obtained by solubilising it in both 

pβCD and MD solutions before mixing them to form nanogels. These studies open new possibilities of 

applications of the nanogels, mainly in the cosmetic field, as sun screen carriers prepared by a simple 

“green” technology.  

 

KEYWORDS: nanogels – cyclodextrins – inclusion complexes – circular dichroism – isothermal 

titration microcalorimetry - drug loading. 
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MANUSCRIPT TEXT 

 

Introduction  

For many years, cyclodextrins (CDs) have been recognized in the cosmetic and pharmaceutical fields 

as promising carriers for the formulation of poorly water-soluble molecules 1, 2. CDs are cyclic 

oligosaccharides consisting of six to eight D-glucopyranose units linked through α-1,4-glycosidic 

bonds. They have the shape of a truncated cone with a hydrophobic internal cavity surrounded by an 

external hydrophilic surface. This particular structure enables CDs to accommodate into their cavity a 

wide variety of hydrophobic molecules such as lipophilic drugs, modifying thereby their physico-

chemical properties 3, 4. The inclusion of the “guest” drug into the “host” CD can improve its apparent 

solubility, physical and chemical stability, dissolution and bioavailability 3, thus making CDs very 

attractive in drug formulation. However, CDs do not represent carrier systems capable of targeting the 

drug to the diseased cells and tissues.  

Therefore, to overcome this drawback, research work has been oriented towards the development of 

colloidal drug carrier systems containing CDs, suitable for drug targeting 5, 6. Among them, CD-

containing nanoparticles have been of growing interest 7. This concept combines the relative advantages 

of CDs and nanoparticles into a single system. Principally, two approaches have been proposed. In the 

first one, drug/CD water-soluble complexes were entrapped into poly(isobutylcyanoacrylate) 

nanospheres during the process of their anionic polymerization 8. High drug loadings were thus obtained 

in comparison to the nanospheres encapsulating the free drug 9, 10. In a second approach, non polymeric 

nanoparticles, either nanospheres or nanocapsules, were obtained by nanoprecipitation of amphiphilic 

CDs bearing aliphatic chains on their primary and/or secondary face, in the presence or not of 

surfactants 11-16. High drug loadings could be achieved when CD amphiphilic nanoparticles were 

prepared from preformed drug/CD inclusion complexes 17, 18 . However, organic solvents and/or 

surfactants were needed to produce these CD nanoparticles.  

Recently, our group has proposed a mild procedure to obtain colloidal nanoassemblies (nanogels) 

containing CDs in the absence of organic solvents 19. As shown by electron microscopy after freeze 

fracture 19, spherical shaped nanogels of 100-200 nm formed spontaneously in aqueous medium upon 

the association of two hydrosoluble polymers: a hydrophobically modified dextran by grafting alkyl 

side chains (MD) and a poly-β-cyclodextrin polymer (pβCD). Some alkyl chains form inclusion 

complexes with some CD cavities, leaving also CDs available to include hydrophobic molecules. 
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However, the possible applications of these nanogels in cosmetic and medical fields have not been 

investigated yet. 

The present study aimed (i) to investigate the interaction of two hydrophobic molecules, 

benzophenone (BZ), widely used as sun screen in the cosmetic field, and the anticancer agent tamoxifen 

(TM), with both associative polymers (MD and pβCD) and (ii) to take advantage of these interactions to 

formulate BZ and TM loaded MD-pβCD nanoassemblies.  

 

Experimental section 

Materials 

β-cyclodextrin (β-CD) was purchased from Roquette (France).  

Benzophenone (BZ) and tamoxifen (TM) were supplied from Sigma (France). Their purity was > 97% 

and > 99%, respectively. 

Water was purified by reverse osmosis (Milli-Q, Millipore®, USA). 

 

pβCD was prepared by crosslinking β-CD under strongly alkaline conditions with epichlorohydrin 

(EP) 20. Briefly, 100 g of anhydrous β-CD were dissolved in 160 mL NaOH 33% w/w solution under 

mechanical stirring overnight. Then, 81.52 g of EP (molar ratio β-CD/ EP = 10) was rapidly added to 

the solution heated to 30°C. In order to obtain a high molecular weight polymer, the reaction was 

stopped in the vicinity of the gelation point by addition of acetone. The obtained aqueous phase was 

heated to 50°C overnight, neutralized with 6N HCl and ultrafiltered using membranes with a cut-off of 

100,000 g/mol. The β-CD polymer was finally recovered by freeze-drying. The β-CD content, as 

determined by 1H NMR spectroscopy, was 70% w/w. The average molar mass of pβ-CD polymer was 

7×105 g/mol, as determined by size exclusion chromatography using pullulan standars. 

 

Dextran bearing hydrophobic lauryl side chains (MD) was synthesized as previously described 21, 22. 

Briefly, 4 g of dextran (40 000 g/mol) solubilized in 100 mL of dimethyl formamide containing 1 g of 

lithium chloride, were reacted for 3 h at 80°C with 0.43 mL of lauroyl chloride and 0.031 mL of 

pyridine. The MD was isolated by precipitation in isopropyl alcohol. It was further solubilized in 

distilled water, purified by dialysis for 48 h and finally freeze-dried. The substitution degree of MD was 

4 % of glucose units, according to the 1H NMR spectra.  
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Methods  

BZ and TM detection 

BZ concentrations were determined by UV spectrophotometry at 260 nm (Perkin Elmer UV/VIS 

spectrophotometer, Germany).  

TM concentrations were assessed using high-pressure liquid chromatography (HPLC) 23. The 

equipment consisted of a Waters Model 600 E pump equipped with a Waters Model Whisp 712 

automatic injector, a Waters Model variable UV detector and a Waters Model integrator. The analytical 

chromatography column was a Symmetry C18 column (3.9 x 150 mm) while the mobile phase consisted 

of a mixture of 50 mM potassium phosphate buffer (pH 7) and acetonitrile (55:45 v/v). The injection 

volume was 50 µL and the flow rate of the mobile phase was 1 mL/min. TM was detected at 250 nm.  

The presence of βCD, pβCD or MD did not affect the absorbances of both BZ and TM in water. This 

validated the entrapment and release experiments. 

 

Phase solubility studies 

Phase solubility studies were performed according to Higuchi and Connors 24. A series of native β-CD 

and pβCD aqueous solutions of increasing concentrations (0 - 75 g/L for pβCD and 0 - 15 g/L for β-CD) 

were introduced in vials containing an excess amount of BZ or TM. The suspensions, accurately 

sheltered from light, were shaken at a controlled temperature of 25 ± 0.5°C. Equilibrium was reached 

after four and five days for BZ and TM, respectively. After this time, the excess (not dissolved) amount 

of BZ and TM was constant. An aliquot of the samples was ultracentrifugated at 25°C for 45 minutes at 

112 500 ×g (Beckman L7-55, USA). By this way, BZ- or TM-loaded β-CD and pβCD solutions were 

obtained. The concentrations of the solubilized molecules were measured by UV spectrophotometry or 

by HPLC as previously described. The phase solubility diagrams were obtained by plotting the mean 

solubilities of BZ or TM against β-CD concentrations. For pβCD polymer, the β-CD concentrations 

were calculated taking in account the β-CD content of the polymer estimated at 70 wt % by 1H NMR 

spectroscopy.  

The stability constants of the complexes formed (KS) were calculated from the regression curve of the 

initial straight part of the solubility diagrams, with the assumption of a 1:1 stoichiometry, according to 

Eq. 1: 

)1(0 slopeS
slopeK S −

=           Eq. 1 
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where S0 was BZ or TM solubility in water, in the absence of β-CD. 

The solubilization of BZ or TM by the MD polymer was also studied using the same procedure (MD 

concentrations: 0 – 25 g/L).  

 

Circular dichroism spectrometry 

Circular dichroism spectra of TM and BZ alone or in the presence of native β-CD or its polymer were 

obtained using a Dichro JASCO J-810 spectropolarimeter (Japan). The circular dichroism spectra were 

recorded in the 200-350 nm wavelength domain at room temperature. The pβCD concentration was 

determined in order to achieve the same β-CD content either in the native β-CD solution or in the pβCD 

one. Both native β-CD and pβCD polymer had no circular dichroic signal in this wavelength domain for 

the concentrations used in the optical experiments. 

 

Isothermal titration microcalorimetry (ITC) studies 

An isothermal calorimeter (ITC) (MicroCal Inc., USA) has been used for determining from a single 

titration curve simultaneously the enthalpy of the interaction between benzophenone and cyclodextrins 

in their native or polymerized form and the equilibrium constant corresponding to the formation of a 

complex between those species. The ITC instrument was periodically calibrated either electrically using 

an internal electric heater, or chemically by measuring the dilution enthalpy of methanol in water. This 

standard reaction was in excellent agreement (1-2%) with MicroCal constructor data.  

In a typical experiment, a syringe filled with 283µL of β-cyclodextrin (10mM) or pβ-CD 

(concentration of β-CD cavities =10mM) aqueous solution, was used to titrate an aqueous solution of 

BZ into the calorimetric cell at 298.15 K. Aliquots of 10 µL of titrant (cyclodextrins solution) were 

delivered over 25s, intervals between injections were 600s and agitation speed was 220 rpm. A 

background titration, consisting in injecting the same titrant solution in solely the milliQ water placed in 

the sample cell, was subtracted from each experimental titration to account for dilution effects.  

Data consisting in series of heat flows as a function of time were collected automatically and when 

appropriate, the interaction process between the two species has been analysed by the one-site binding 

model proposed in the Windows-based Origin 7 software package supplied by MicroCal. Based on the 

concentrations of the titrant and the sample, the software used a nonlinear least-squares algorithm 

(minimization of Chi2) to fit the series of heat flows (enthalpograms) to an equilibrium binding 
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equation, providing best fit values of the stoichiometry, binding constant and change in enthalpy and 

entropy.  

 

Nanogels preparation and loading 

Nanogel suspensions (polymer concentration Cp of 1 g/L and 2.5 g/L) were prepared by mixing a MD 

solution and a pβCD solution, at room temperature under magnetic stirring. The concentrations of both 

solutions were the same and their respective volumes were varied in order to reach a polymer weight 

ratio MD/pβCD of 50/50 and 33/67 (w/w).  

The hydrophobic molecules (HM), BZ or TM, were incorporated into the MD-pβCD nanoassemblies 

using two procedures: (i) HM-loaded nanogels (L-nanogels) were obtained by mixing an HM-free MD 

solution and an HM-loaded pβCD solution. (ii) Bi-loaded nanogels (BL-nanogels) were prepared by 

mixing the two polymer solutions already loaded with HM. The HM-loaded polymer solutions were 

prepared as described in the section “phase solubility studies”. 

The amount of HM entrapped into the nanoassemblies was evaluated by UV spectrophotometry or by 

HPLC analysis as previously described. Practically, this amount was determined by subtracting the 

amount of HM found in the dispersion medium after ultracentrifugation (112,504 ×g, 30 min, 25°C) of 

the nanogels, from the total amount of HM initially brought in the nanogel suspension. The 

encapsulation efficiency was calculated according to Eq. 2: 

100
)(

)(% ×=
µgsuspensiontheinHM

µgnanogelstheinHMefficiencyionencapsulat     Eq.2 

Assuming that almost 95% of the polymers introduced form nanogels 19, the amount “D” of HM 

associated per 100 mg of dried polymer (loading) was calculated as follows: 

100
)(

)()/(% ×=
mgPm

mgQwwD         Eq.3 

where, Q is the amount of HM effectively entrapped into the nanogels and Pm the total amount of the 

two polymers, pβCD and MD, introduced in the sample preparation. 

 

Nanoassemblies size measurements 

The mean diameter and the size distribution of the nanogels were determined by quasi-elastic light 

scattering (QELS) using a Coulter Nanosizer (Model N4MD, Coultronic, France). According to the 

need, samples were diluted with milliQ water in order to maintain the count per second between 5×104 
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and 1×106. Each sample was measured three times for 1 min at 20°C and at an angle of 90°. Both 

unimodal and size distribution processor (SDP) analysis were performed.  

 

In vitro release study 

The release experiments were carried out in water at 37°C on BZ-BL-nanogel suspensions (Cp = 2.5 

g/L and MD/pβCD = 50/50 w/w). Freshly prepared BZ-BL-nanogel suspensions were diluted with the 

release medium. Then, the nanogel suspension was separated in 1mL aliquots and placed on a shaker 

Heildolph, Titramax 101 (Germany). At each given time-point, one of the aliquots was centrifuged 

(112,504 ×g, 30 min) to precipitate the nanogels and the free BZ in the supernatant was assessed by UV 

spectrophotometry. 

 

Results and discussion 

 

BZ and TM interactions with β-CD and its polymer 

Results in the literature showed that BZ and TM form inclusion complexes with native β-CD 25-29. 

However, to our knowledge, the occurrence of complexation between the β-CD polymer and these 

hydrophobic molecules has not been evidenced yet. Therefore, BZ and TM interactions with both β-CD 

and its polymer were investigated here by solubility studies, circular dichroism and Isothermal Titration 

microCalorimetry (ITC). 

 

Phase solubility studies 

The interaction of β-CD and pβCD with BZ and TM was evaluated using the solubility method, in 

water at 25°C. The equilibrium phase solubility diagrams obtained are presented in fig. 1.  
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Figure 1. Phase solubility diagrams of (A) BZ and (B) TM in the presence of (▲) native β-CD and (�) pβCD in 
purified water at 25°C. Each value was the average of three independent experiments ± SD. 

 

Both BZ and TM have a very low solubility in water. BZ has a logP of 3.18, whereas TM has a logP 

of only 7.9. The apparent solubilities of these compounds were improved in the presence of β-CD and 

pβ-CD (Fig. 1A).  

As it can be seen in fig. 1A, the BZ/β-CD solubility curve was a typical BS-type phase solubility 

diagram 24. In the first portion of the diagram (inset to fig. 1A), the apparent solubility of BZ increased 

linearly by increasing β-CD concentration in the 0 – 0.75 g/L range (0 – 6.6×10-4 mol/L). This 

ascending portion was followed by a plateau region indicating the formation of insoluble BZ/β-CD 

complexes when β-CD concentration was increased above 0.75 g/L (6.6×10-4 mol/L).  

Conversely, in the presence of pβCD, a continuous linear increase of BZ solubility was observed 

when the β-CD polymer concentration was increased. The phase solubility diagram was a typical AL-

 



 

Daoud-Mahammed et al                                   Biomacromolecules 2009, 10, 547-554 

10

type 24 indicating the formation of soluble BZ/β-CD complexes for the CD polymer. The apparent 

stability constant (KS) of the BZ/β-CD complexes, calculated from the initial straight part of the 

solubility diagrams, was found equal to 2070 M-1 for BZ/β-CD complexes and was within the range 

reported in the literature 26, 27. For BZ/pβCD complexes, KS was 2580 M-1, not significantly different 

from the BZ/β-CD one.  

Fig. 1B shows that the apparent solubility of TM increased linearly by increasing the concentration of 

either β-CD or pβCD. The diagrams were AL-type indicating the formation of soluble complexes for 

both the native β-CD and the CD polymer with KS of 1230 M-1 and 1400 M-1 for the TM/β-CD and 

TM/pβCD, respectively. 

These results clearly demonstrate the advantage of using pβCD polymers instead of the native β-CD 

to improve the apparent solubility of both BZ and TM. Indeed, although the stability constant of the 

complexes formed with the native β-CD and with the β-CD polymer were not significantly different, the 

solubilization of the hydrophobic molecules, especially BZ, was limited by the poor solubility of β-CD 

in water (18.5 g/L equivalent to 1.6×10-2 mol/L). Conversely, the highly water-soluble β-CD polymer 

allowed a spectacular increase of the hydrophobic molecules’ solubility. For example, a polymer 

concentration of 75 g/L ([β-CD] = 4.6×10-2 mol/L) could enhance TM solubility by 65–fold, while a β-

CD concentration of 15 g/L (1.3×10-2 mol/L), near to saturation, allowed only an 18-fold increase of 

TM apparent solubility (fig. 1B). Moreover, in the case of BZ, the solubilization was stopped by the 

formation of insoluble BZ/β-CD complexes since the very low β-CD concentration of 0.75 g/L (6.6×10-

4 mol/L) (fig. 1A). 

These solubility studies showed the presence of strong interactions between the two molecules studied 

and both the native β-CD and its polymer, suggesting the formation of complexes with the CDs. 

However, the guest molecules could be accommodated not only in the CD cavities but also externally, 

in confined spaces between CDs molecules in the pβCD polymer. It has been shown that cyclodextrins 

and cyclodextrin complexes self-associate to form aggregates and that these aggregates act as 

solubilizers themselves 30. Moreover, water-soluble polymers enhance the complexation efficiency by 

stabilizing these aggregates. Therefore, circular dichroism was used to study the location of BZ and TM. 
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Circular dichroism 

Circular dichroism spectroscopy is particularly useful to ascertain the existence of cyclodextrin 

inclusion compounds in aqueous solutions 31-33. Indeed, it was reported that the inclusion of an achiral 

guest molecule into the asymmetric CD cavity induced extrinsic Cotton effects located in the absorption 

band of the guest molecule, measured by circular dichroism. On the contrary, an outer surface 

association between guest molecules and CDs causes only a modification of other spectral properties 

without inducing Cotton effect 34.  

Fig. 2 presents the circular dichroism spectra recorded for BZ and TM in the presence or in the 

absence of native β-CD or pβCD. In order to compare the dichroic signal obtained when BZ and TM 

were complexed with CDs in their monomeric and polymerized forms, the pβCD concentration was 

determined to achieve the same β-CD content either in β-CD or in pβCD samples.  
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igure 2. (A) Circular dichroism spectra of benzophenone:--- free-BZ, ▬ BZ:β-CD and ⎯ BZ:pβCD; 
CD] = 6.5×10-4 mol/L. (B) Circular dichroism spectra of tamoxifen: --- free TM, ⎯  TM:β-CD and ▬ 
M:pβCD ; [CD] = 7×10-3 mol/L. 
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As shown in fig. 2A, BZ free did not produce dichroic signal. Its interaction with either the native β-

CD or the pβCD resulted in two positive induced circular dichroism (icd) bands observed at 257 nm and 

330 nm. This could be attributed to the perturbation of the electronic transitions of the guest, π-π* for 

the band at 257 nm and n-π* of the carbonyl group for the band at 330 nm 25, 26, caused by inclusion into 

the asymmetric cavity of the CD 35,  36. Moreover, the icd spectra recorded in the presence of native β-

CD and of the β-CD polymer were practically the same, indicating similar inclusion modes and 

orientation of BZ into the CD cavities.  

No circular dichroic signal was observed for TM alone in solution (fig. 2B). In the presence of pβCD 

and native β-CD, two negative icd bands were observed at 239 nm and 278 nm. This clearly 

demonstrated the inclusion of TM into the free β-CDs and the cross-linked CDs in the polymer. The 

intensity of the icd bands recorded for both BZ and TM increased by increasing the concentration of β-

CD or its polymer in the samples, confirming therefore the inclusion of the HMs into β-CD cavities 

(data not shown). 

 

Isothermal titration microcalorimetry  

At the present time, Isothermal titration microcalorimetry (ITC) is the most modern and sensitive 

method available for the determination of thermodynamics of the host (CD)-guest interaction 37-44. ITC 

shows whether an association process occurs and allows the evaluation of the stability constant (K), the 

enthalpy (∆H) and the entropy (∆S) of the interaction from which the Gibbs free energy (∆G) of the 

process can be derived 40, 45. In our work, ITC has been used in addition to phase solubility studies and 

circular dichroism experiments to gain information on the inclusion ability of pβCD toward 

hydrophobic molecules, in comparison with that of native β-CD. It is noteworthy to point that, 

unfortunately in the case of tamoxifen, ITC experiments were not possible due to the very poor aqueous 

solubility of the drug. 

 

Typical ITC data corresponding to the binding interaction of BZ and β-CD - in its native form or 

polymerized one – are presented in Fig. 3.  

 

 

 



 

Daoud-Mahammed et al                                   Biomacromolecules 2009, 10, 547-554 

13

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Typical ITC data corresponding to the binding interaction of benzophenone (0.25mM) with β-
cyclodextrin (10 mM) ( ) and poly-β-cyclodextrin (10 mM) (�) in milliQ water at 25°C. Left panels show 
exothermic heat flows which are released upon successive injection of 10µL aliquots of β-CD (A) and pβCD (B) 
into benzophenone. Right panels show integrated heat data, giving a differential binding curve which was fit to a 
standard single-site binding model yielding the following parameters: N, K, ∆H and ∆S.  
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The integration of the exothermic heat flows which were released upon successive injection of 10 µL 

aliquots of CDs into BZ solution leads to a differential binding curve which was fitted to a standard 

single-site binding model leading to the direct determination of K, ∆H and ∆S changes of the 

interaction. From these experimentally determined parameters, ∆G was calculated using Eqs. 4 and 5 46. 

 

∆G = -RT lnK           Eq.4 

where R is the gas constant (8.314 J.K-1.mol-1) and T is the absolute temperature of the interaction in 

degrees Kelvin. 

 

∆G = ∆H-T∆S           Eq.5 

 

The stability constants and the thermodynamic parameters of the association between BZ and β-CD or 

pβCD are presented in table 1. 

 
Table 1. Complexes stability constants (K), and thermodynamic parameters in kJ.mol-1 for inclusion complex 

formation of benzophenone with β-CD and pβ-CD at 298 K (25°C).  

CD 
derivative 

K 

M-1 

∆H 

kJ.mol-1 

T∆Sa 

kJ.mol-1 

∆Ga 

kJ.mol-1 

Nb 

 

β-CD 2680 -16.77 2.77 -19.55 0.98 

pβ-CD 2710 -12.60 6.97 -19.58 1 

a ∆G =-RTLn K, T∆S=∆H-∆G. b N (N CD : 1 BZ) 

As it can be seen, the stability constants K were in the same order of magnitude for BZ/β-CD (2680 

M-1) and BZ/pβCD (2710 M-1) complexes. These values were totally in accordance with the ones 

obtained from phase solubility experiments (2070 M-1 and 2580 M-1 for β-CD and pβCD, respectively). 

The stoichiometries of the complexes N were also quite similar: 0.98 (which is consistent with a 1:1 

stoichiometry) and 1 for β-CD and pβCD, respectively, indicating that the polymerization of β-CD did 

not affect the inclusion ability of CD cavities in the polymer.  

 

From a thermodynamic point of view, both BZ/β-CD and BZ/pβCD interactions were exclusively 

exothermic ∆H<0 with a minor positive entropic contribution ∆S>0 and mostly enthalpy driven 
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( STH ∆>∆ ). Moreover, the formation of BZ/β-CD and BZ/pβCD complexes was spontaneous in both 

cases as evidenced by the negative value of the Gibbs free energy ∆G.  

The changes of the thermodynamic parameters upon inclusion into CDs are the result of several 

effects: the penetration of the hydrophobic part of the guest molecule into the CD cavity, the 

dehydration of the guest, the formation of hydrogen bonds, the release of water molecules originally 

included in the CD cavity and conformational changes of CD upon the inclusion of the guest molecule. 

Among the several possible weak interactions involved in the complexation of guests with CDs, Van 

der Waals forces and hydrophobic interactions – related to the size/shape matching between the guest 

and the CD cavity - and other intermolecular interactions such as hydrogen bonding and electrostatic 

forces have been reported47, 48. 

In the case of BZ and CDs association, the main driving forces of the binding are Van der Waals 

because │∆H│>│T∆S│48. However, some variations were observed in the enthalpy and entropy 

changes suggesting that the mechanism of binding was slightly different in the case of β-CD or pβCD. 

Indeed, ∆H took the value of -16.77 kJ.mol-1 and -12.60 kJ.mol-1 for BZ/β-CD and BZ/pβCD 

complexes, respectively while T∆S increased from 2.77 kJ.mol-1 to 6.97 kJ.mol-1 for BZ/β-CD and 

BZ/pβCD complexes, respectively. Large positive entropy changes usually arise from the significantly 

important translational and conformational freedoms of host and guest upon complexation. Because the 

more hydrophilic environment of the CD cavity in the pβCD polymer49: the reorganization of 

surface/cavity neighbouring water molecules that were released upon BZ inclusion could be higher in 

the case of pβCD polymer than in native β-CD resulting in a more positive entropy changes. 

Furthermore, the desolvatation upon guest inclusion and the induced dehydration from peripheral 

hydroxyl groups in the bridges between CDs in the polymer appear to be jointly responsible for an 

entropic gain.  

 

BZ and TM interactions with the hydrophobically modified dextran 

Many studies in the literature have reported the ability of hydrophobically modified polymers to 

improve the solubility of poorly water-soluble drugs 50-53. Drug solubilization may result from 

interactions between the insoluble compound and the microdomains made upon the assembly of the 

hydrophobic moieties grafted onto the hydrophilic polymer backbone. The dextran polymer used in this 

study bears dodecyl groups. Precedent work has demonstrated that these hydrophobic groups lead to the 

formation of polymeric micelles 54. Therefore, it was needed to evaluate also the potential of MD to 
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improve the apparent solubility of both BZ and TM. Fig. 4 presents the effect of MD on the apparent 

solubility of BZ and TM.  
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Figure 4. (A) Benzophenone and (B) tamoxifen solubilization by MD in purified water at 25°C (0 < [MD] < 25 
g/L). Each value was the average of three independent experiments ± SD. 

 

As it can be seen, the amount solubilized of both molecules increased in a linear manner by increasing 

the MD concentration, clearly indicating the existence of interactions between the hydrophobic 

molecules and the hydrophobically modified polymer (MD acts as a surfactant). Noteworthy is the 

previous observation that the critical aggregation concentration (CAC) of MD (in the same range of 

substitution yield as here), which corresponded to the onset of the formation of hydrophobic 

microdomains, was about 0.2 g/L, as determined by surface tension measurements 19. Above this 

concentration, the hydrophobic dodecyl moieties of MD associate together, leading to the formation of 

polymeric micelle-like aggregates. Therefore, the observed increase in BZ and TM solubilities could be 

reasonably attributed to their solubilization into the hydrophobic microdomains of the amphiphilic MD.  
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It is noteworthy to point out that the solubilization of both BZ and TM was more efficient in the 

presence of β-CD polymer than in the presence of MD. Indeed, the concentration of BZ was about 

244.4 ± 18.2 mg/L in the presence of 5 g/L pβCD and only about 94.7 ± 6.2 mg/L (2.5-fold lower) in 

the presence of the same concentration of MD. We further took advantage of the ability of both BZ and 

TM to complex with pβCD and to interact with MD, to entrap them into the associative MD-pβCD 

nanogels. 

 

BZ and TM entrapment into MD-pβCD nanogels 

As detailed in the Materials and methods section, two procedures were used to incorporate the 

hydrophobic molecules (HM) into the associative MD-pβCD nanogels. In the first one, HM loaded-

nanogels (L-nanogels) were prepared by forming HM: pβCD inclusion complexes and mixing the 

obtained solution with a MD solution. Using this procedure, TM and BZ entrapment was tested into 

nanogels prepared with Cp of 1 g/L or of 2.5 g/L, and MD/pβCD ratio of 50/50 (w/w) or of 33/67 

(w/w). These two ratios, corresponding to a stoichiometry of 1 C12: 3 CD and 1 C12: 9 CD, respectively, 

were chosen in order to have an excess of CD cavities with regard to alkyl chains.  

For TM, drug loadings of about 0.5 % (w/w) of the dried polymer mixture were achieved in nanogels 

of about 200 nm in diameter. Unfortunately, the suspensions were very instable: in the first five minutes 

after their formation, the nanogels fused together and finally formed a gel deposit. Possibly, TM 

induced nanogel fusion since nanogel particles were negatively charged19, whereas TM was positively 

charged at the pH of the experiment.  

For BZ, nanogels sizing 100 nm to 200 nm were obtained whatever the polymer concentration and the 

polymer ratio used. In the case of the 1 g/L preparations, these nanogels were stable, with a mean 

diameter lower than 200 nm over more than 15 days storage at 4°C (data not shown). Table 2 presents 

the features of BZ entrapment into the L- nanogels. In all experiments the molar ratio BZ:CD was 0.51. 
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Table 2. Characteristics of BZ entrapment into L- nanogelsa. 
 Cp b  

(g/L) 
MD/pβCD 

ratio    
(w/w) 

entrapment 
efficiency 

(%) 

BZ loading 
(% w/w) 

C12: CD 

ratio (w/w) 

50/50 16.3 ± 0.7 0.8 ± 0.1 1/3 1 

 33/67 14.8 ± 2.1 1.0 ± 0.1 1/9 

50/50 28.0 ± 1.7 0.9 ± 0.1 1/3 2.5 

 33/67 21.7 ± 2.8 0.9 ± 0.1 1/9 

 

 

 

 
 

 
a. Loaded nanogels (L-nanogels) were prepared by mixing a solution of preformed BZ:pβCD complexes with a 

BZ-free MD solution. Each value was the average of three independent experiments ± SD. b Cp: polymer 
concentration.  

 

The first observation is that the BZ encapsulation efficiency increased by increasing the polymer 

concentration. Indeed, in the 1 g/L nanogels, BZ was incorporated with encapsulation efficiencies of 15-

16% whatever the ratio of the two polymers, whereas higher encapsulation efficiencies were found in 

the case of the 2.5 g/L nanogels: around 28 % for the 50/50 (w/w) ratio and around 22 % for the 33/67 

(w/w) ratio. These findings could be related to the preparation procedure of the nanoassemblies. Indeed, 

they were obtained from a solution of BZ:pβCD complexes. In this solution, the BZ content is the sum 

of the BZ complexed into the CD cavities and of BZ free in solution (which was present at a 

concentration equal to its aqueous solubility). Therefore, the proportion of the complexed BZ rose as the 

concentration of pβCD increased, leading to a better entrapment. However, as we have previously 

reported that the most stable nanogels were obtained for concentrations less than or equal to 2.5 g/L 55, 

the highest polymer concentration here tested for loading experiments was 2.5 g/L.  

The second observation is that, whatever the polymer concentrations and ratios tested, the BZ loading, 

here defined as the amount of BZ associated per 100 mg of dried polymer, was less than or equal to 1 % 

(w/w). One possible explanation for this low BZ loading arises from the method used for nanogel 

preparation. Indeed, BZ was entrapped into the MD-pβCD nanogels through its inclusion into the CD 

cavities of pβCD. When the MD solution was added to the BZ-pβCD solution, the BZ:CD complexes 

were diluted and could dissociate before the assembly of the two polymers occurred.  

 

Thus, in order to limit the effect of the dilution and to improve BZ incorporation, a second method of 

preparation has been proposed. Bi-loaded (BL) nanogels were indeed prepared by mixing a BZ-pβCD 

 



 

Daoud-Mahammed et al                                   Biomacromolecules 2009, 10, 547-554 

19

solution and a BZ-MD solution as previously explained (see Materials and methods section). Table 3 

summarizes the features of BZ entrapment into the BL-nanogels.  

 
Table 3. Characteristics of BZ entrapment into BL- nanogelsa. 

 
Cp b     
(g/L) 

MD/pβCD 
ratio        

(w/w) 

entrapment 
efficiency  

(%) 

BZ loading 
(% w/w) 

C12: CD 

ratio (w/w) 

50/50 26.6 ± 5.9 2.9 ± 0.8 1/3 1 

 33/67 22.0 ± 2.1 2.6 ± 0.3 1/9 

50/50 40.7 ± 7.0 2.5 ± 0.6 1/3 2.5 

 33/67 42.5 ± 5.0 2.9 ± 0.3 1/9 

 

 

 

 

 

b Cp: polymer concentration. a Bi-loaded nanogels (BL-nanogels) were prepared by mixing a solution of 

preformed BZ:pβCD complexes with a BZ-loaded MD solution. Each value was the average of three independent 

experiments ± SD. 

 

As expected, BZ entrapment was significantly enhanced. In the BL-nanogels, BZ loadings were about 

2.5 % (w/w) of dried polymer, approximately three times higher than in the nanogels obtained using the 

first preparation procedure (0.9 % (w/w)) (table 2). Both MD and pβCD solutions were saturated in BZ. 

Thus, during the formation process, BZ remained in its complexed form into the CD cavities, since no 

dilution of the BZ:CD complexes occurred.  

 

Interestingly, the comparison of the nanogel sizes evidenced an increase depending on the presence or 

not of BZ and the way it was incorporated into the nanogels (table 4). 
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Table 4. Z-average mean diameter of MD-pβCD nanogels loaded or not with BZ. 

mean diameter (nm) Cp a    
(g/L) 

MD/pβCD ratio  
(w/w) 

unloaded nanogels L- nanogels b BL-nanogels c 

50/50 110 ± 20 135 ±19 152 ± 23 
1 

33/67 106 ± 15 141 ± 24 160 ± 20 

50/50 136 ± 24 173 ± 30 192 ± 42 
2.5 

33/67 140 ± 17 180 ± 28 188 ± 35 
a Cp: polymer concentration. b Loaded nanogels (L-nanogels) were prepared by mixing a solution of preformed 

BZ:pβCD complexes with a BZ-free MD solution. c Bi-loaded nanogels (BL-nanogels) were prepared by mixing 
a solution of preformed BZ:pβCD complexes with a BZ-loaded MD solution. Each value was the average of three 
measurements ± SD. 

 

The higher the BZ loading, the higher the nanogel size. For instance, in the case of nanogels prepared 

with Cp = 2.5 g/L and MD/pβCD = 50/50 (w/w), the mean diameter increased from 136 nm for 

unloaded nanogels to 192 nm for BZ-BL-nanogels, thus suggesting that, although the effective BZ 

loading was max. 2.5 % (w/w), the conformation of the nanoassemblies was influenced by the presence 

of BZ.  

The BZ-BL-nanogel suspensions were stable: no release was observed upon storage at room 

temperature or at 37°C. However, upon dilution in purified water, a fast BZ release occurred in the first 

15 minutes. Then, a plateau was reached, i.e. no release was observed within the 24 h of the experiment, 

suggesting that quickly, partition equilibrium was obtained between BZ in the supernatant and in the 

polymeric nanogel phase. For example, for a 2/3 dilution corresponding to a final polymer concentration 

of 1.7 g/L, 54 % of the total amount of BZ entrapped in the nanogels was released. Successive dilutions 

of the BL-nanogel suspensions allowed finally extracting BZ from the nanogels (> 90 % for a 1/10 

dilution). Previously, we showed that BZ was more efficiently solubilized by the β-CD polymer than by 

MD. Therefore, we presume that in the nanogels, BZ would be located mainly into the CD cavities of 

pβCD. As a consequence, BZ release from the associative nanogels could be probably provided by the 

dissociation of BZ:CD complexes due to the dilution, as it has been suggested previously for the release 

of progesterone from nanoparticles made of pre-formed drug: amphiphilic CD inclusion complexes 17. 

In conclusion, the release mechanism appears to be mainly driven by the dissociation of the complexes 
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CD-BZ. Studies are underway to incorporate the BZ-loaded nanogels in cosmetic formulations, to 

determine the nanogels’ stability and the anti-UV properties of encapsulated BZ.  

Conclusion 

We took advantage of the high interactions of two hydrophobic molecules, benzophenone and 

tamoxifen, with both the β-CD polymer and the hydrophobically modified dextran, to incorporate them 

into MD-pβCD associative nanogels. Optimization studies performed with BZ enabled to design 

nanogels displaying a loading of 2.5 % (w/w) also underlining the impact of the loading technique used 

on the entrapment efficiency into the associative nanogels. Release was governed mainly by the 

dissociation of the complexes β-CD-molecule of interest. These studies open new possibilities of 

applications of the nanogels, mainly in the cosmetic field, as sun screen carriers prepared by a simple 

“green” technology. 
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