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The interest on the drugs encapsulation in the cyclodextrin cavity 
is due to a series of benefits like the increase in the drug’s 
solubility, bioavailability and the controlled release. In the 
followings, the interaction of danofloxacin, an antibiotic from 
the fluoroquinolone class, and γ-cyclodextrin (γ-CyD) will be 
studied by means of fluorescence, circular dichroism and 
molecular modeling. Both stoichiometry and association 
constants were obtained by fitting the dependences of the 
fluorescence intensity and ellipticity vs. γ-CyD concentration to 
a non-linear regression model. The signs of the induced circular 
dichroism spectra were correlated, according to the Harata-
Kodaka rules, with the orientation of the guest transition 
moments (obtained by TDDFT/B3LYP/631++G(d,p)) to the 
cavity axis. Starting with this information on the ligand 
orientation in the cavity, the structures of the inclusion 
complexes were optimized using molecular mechanics. 

 
 
 
 

 
 

 
 

INTRODUCTION* 

The interest on the drugs encapsulation in the 
cyclodextrin cavity and the characterization of the 
inclusion complexes was continuously increased 
owing mainly on two aspects. Firstly, from the 
medical and pharmaceutical point of view, due to a 
series of benefits like the increase in the drug’s 
solubility, bioavailability and the controlled 
release.1,2 Secondly, the application of new 
experimental spectroscopic and/or calorimetric 
methods in both solution and solid state open new 
perspectives in the accumulation of data allowing 
to obtain a more reliable image of structural 
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aspects of the inclusion complexes. It was found 
that the analysis of the induced circular dichroism 
(ICD) spectrum recorded upon complexation of 
achiral drugs with cyclodextrins (CyD) or the 
changes in the dichroic signals of chiral drugs 
allows not only for the possibility to estimate the 
binding constants but brings about information on 
the inclusion mode of the guest in the host cavity. 
The correlation of the experimental signs of the 
induced dichroic bands with high level TDDFT 
calculations on the polarisation of the electronic 
transitions via the semiempirical Harata–Kodaka 
rules3,4 contributes to obtain a starting structure of 
the supramolecular host:gost system.  
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Fig. 1 – Structural formula of danofloxacin. The pKa values reported in the literature12 are labeled. 
 

 
In the followings, we continue our previous 

studies on the spectral and theoretical 
characterization of the cyclodextrin inclusion 
complexes of several guests/drugs.5-9 In the present 
case, the guest is danofloxacin (Fig. 1), a synthetic 
chiral antibiotic from the fluoroquinolone class used 
in veterinary medicine against respiratory diseases10,11 
and the guest is γ-cyclodextrin (γ-CyD), a 
cyclodextrin preferred due to its larger cavity capable 
to encapsulate compounds with a complex structure. 

Given the presence of carboxylate (pKa1= 6.32) 
and amino (pKa2=8.56) groups12, danofloxacin 
could exist in three forms: anion, cation and 
zwitterion. At pH 7.4, which is approximately 
equal to the semi-sum of the pKa1 and pKa2 values, 
the zwitterion is the predominant species. We have 
chosen to work at pH=7.4 in order to have results 
that will be further compared to those obtained for 
the interaction of the same guest with albumins. 

The methodology used contains three steps: i) 
the experimental estimation of the stoichiometry 
and association constant of the guest/host system 
by two different spectral methods, the steady-state 
fluorescence and the circular dichroism 
spectroscopy; ii) the high level DFT/TDDFT 
characterization of the electronic transitions of the 
guest, and iii) the modeling of the supramolecular 
system by molecular mechanics (MM) method in 
vacuo and water for estimating the main factors 
contributing to the interaction energy. Our main 
purpose is to explore the capability of the circular 
dichroism spectroscopy in correlation with 
theoretical calculations to well describe the 
structure of the system. 

RESULTS AND DISCUSSION 

Fluorescence measurements 

Given its high sensitivity and good selectivity, 
the fluorescence spectroscopy is a powerful tool 
for determining the association constants of 
complexes. In this case, the use of this technique is 
possible because danofloxacin is a fluorescent 
molecule and, conveniently, γ-CyD is not. 
Thereby, in water at pH 7.4, the danofloxacin 
fluorescence spectrum presents a maximum 
located at 423 nm (Fig. 2A). Gradual addition of  
γ-CyD causes a moderate decrease of the 
fluorescence intensity (Fig. 2A), which attests the 
complexation process. The lack of any isoemissive 
point is an indication for the existence of multiple 
equilibria in solution. These equilibria may involve 
either different types of 1:1 complexes or 
complexes with different stoichiometry.13 

A quantitative analysis of the experimental data 
was made fitting the dependence of the monitored 
properties (P) on the γ-CyD concentrations to the 
equations of most common host:guest complexes 
types, i.e. 1:1; 2:1 and the simultaneous presence 
of both complexes, respectively:   

 

  (1) 

   (2)  

 

       (3)   

 
where P0 is the guest property in the absence of the 
host and P is the guest property at different γ-CyD 

total concentrations. The indices 11 and 21 refer to 
the 1:1 and 2:1 host:guest complexes, respectively. 
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Fig. 2 – (A) Fluorescence spectra of danofloxacin (6.57×10-6 M ) in water at pH 7.4 (1) and in the presence of different γ-CyD 
concentrations: (2) 4.58×10-4 M; (3) 6.78×10-4 M; (4) 1.88×10-3 M; (5) 6.42×10-3 M; (6) 1.37×10-2 M; (7) 2.36×10-2 M. (B) Best fit 
      of the normalized intensity vs. γ-CyD concentration was obtained using equation (3) and the parameters are given in Table 1. 

 
Table 1 

Values of the association constants of the danofloxacin–γ-CyD complexes obtained  
by fluorescence and circular dichroism measurements   

Method K11 (M-1)  (M-1) F-stat * r2 ** 
Fluorescence 1722 ± 108 20 ± 6 12189 0.998 

Circular dichroism 176 ± 64 37 ± 10 1086 0.995 
 

* F-stat is the statistical Fisher parameter; ** r2 is the correlation coefficient 
 
Equations (1) - (3) were all tested and the best 

fit was obtained for equation (3), attesting that both 
1:1 and 2:1 complexes are formed (Fig. 2B). The 
association constants are listed in Table 1. It can be 
seen that the binding constant for the 1:1 complex 
is much larger compared to the 2:1 complex. A 
survey of the literature revealed that, at least in the 
CyD concentration domain used, fluoroquinolones 
such as ofloxacin,14 norfloxacin,15,16 ciprofloxacin,17 
sparfloxacin18,19 and enrofloxacin20 give mostly 1:1 
complexes. The values reported for their association 
constants extend in a wide range (17 M-1 to 14250 M-

1), depending on the CyD type and pH conditions. 
However, the formation of a 2:1 complex was 
deliberately obtained in solid state for norfloxacin 
with β-CyD and 2-hydroxypropyl-β-CyD.16 Here, 
using high host concentrations we have shown that, 
for danofloxacin, a 2:1 complex is also formed.    

Circular dichroism measurements 

 As danofloxacin is a chiral compound, the 
circular dichroism measurements start with an 
analysis of the CD and absorption spectra of the 
free guest in the same conditions as will be used 
for the inclusion process. In water, at pH 7.4, the 
absorption spectrum of danofloxacin shows three 
bands with different intensities (inset of Fig. 3A): 

at 231 nm (ε = 10430 M-1cm-1), at 274 nm (ε = 
36470 M-1cm-1) and a broad one at 332 nm (ε = 
13400 M-1cm-1).  The values of the molar 
absorption coefficients indicate that the transitions 
responsible for all these bands are π→π*. The CD 
spectrum exhibits two negative bands (274 nm, 
332 nm) and a positive one (231 nm) situated at the 
corresponding wavelengths from the absorption 
spectrum (Fig. 3A).  

Upon addition of γ-CyD up to 2.19×10-3 M the 
bands become more negative (Fig. 3A, 1-2). 
Further increase in the γ-CyD concentration 
generates a reverse effect, showing the fact that 
two types of complexes are present in the solution. 
After subtracting the CD spectrum of the free 
danofloxacin, the dependence of the ellipticity 
readings at 274nm on the γ-CyD concentrations 
was fitted to the Eqs (1)-(3). Similar to the analysis 
of the fluorescence data, the best fit was obtained 
using Eq. (3) in which P was replaced by ellipticity 
(Fig. 3B). The resulted association constants are 
also listed in Table 1. Thus, both experimental 
methods have yielded the same stoichiometry, but 
different association constants. One explication 
given for this fact was correlated to the different 
nature of the processes involved, i.e. a ground state 
for circular dichroism vs. an excited state process 
for fluorescence.21 
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Fig. 3 (A) – Circular dichroism spectra of danofloxacin (4.71×10-5 M) in water at pH 7.4 (1) and at different γ-CyD concentrations: 
(2) 2.19×10-3 M; (3) 1.30×10-2 M; (4) 4.16×10-2 M. Inset: absorption spectra of danofloxacin in water at pH 7.4.  (B) Best fit for the 
danofloxacin ellipticies vs. γ-CyD concentrations dependency, using eq. (3) and the parameters are given in Table 1. The CD data 
                                               were read at 274 nm, where the spectral changes are more pronounced. 

 

 
Fig. 4 – (A) Normalized theoretical absorption spectra of danofloxacin obtained by TDDFT calculation on the fully optimized 
conformation vs. experimental spectrum. Inset: directions of the main electronic transitions (1) 329 nm; (3) 315 nm; (4) 280 nm; (5) 
                 274 nm; (8) 256 nm. (B) ECD spectrum vs. experimental circular dichroism spectrum of danofloxacin. 

 
As the γ-CyD causes at first a decrease and then 

an increase of the intensity of the danofloxacin 
CD, it means that the ICD signal is negative for the 
1:1 complex and positive for the 2:1 complex. 
These signs can provide information about the 
structure of the inclusion complexes, as will be 
seen below. 

Free guest and inclusion complexes calculations 

The characterization of the geometry of the 
inclusion complexes was made in two steps. Firstly, 
we have obtained information about the guest 
orientation inside the γ-CyD cavity by corroborating 
the ICD sign found experimentally with quantum 

calculations on the free guest. Then, starting with this 
information, different complexes were optimized by 
molecular mechanics. The results obtained will be 
presented in the followings.   

A positive/negative ICD signal is, according to 
Harata-Kodaka rules, an indication that the electronic 
transition moment of the guest is 
parallel/perpendicular to the CyD symmetry axis. In 
order to determine the directions of the electronic 
transition moments, TDDFT calculations were 
performed on the fully DFT optimized geometry of 
danofloxacin, presented in the inset of Fig. 4A, and 
considering the first nine electronic transitions. The 
main geometrical parameters are the torsion angles of 
the carboxylate, cyclopropyl and piperazinyl groups 
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with respect of the fluoroquinolone ring which were 
found to be –50°, –41° and –150°, respectively.  

The directions of the transition moments 
characterized by an oscillator strength (f) greater 
than 0.07 are also displayed in the inset of Fig. 4A. 
These transitions are located at 329 nm (f=0.0790), 
315 nm (f=0.2223), 280 nm (f=0.1153), 274 nm 
(f=0.3358) and 255 nm (f=0.2816). Figures 4 A,B 
show the experimental versus calculated 
absorption and circular dichroism spectra of free 
guest. As it can be seen the calculated values for 
the band positions, the relative intensities and the 
signs in the case of dichroic bands are quite well 
predicted, excepting for the band located at 231 
nm. Despite of the large number of excited states 
considered, the position for this band was 
overestimated and the sign is not well predicted.  

Since the transitions with larger value of the 
oscillator strength are polarized along the long axis 
of the molecule and the ICD signs for the 1:1 and 
2:1 complexes are negative and positive, based on 
empirical Harata-Kodaka rules, we expect an 
orthogonal and axial inclusion, respectively. 

Because fluorescence and circular dichroism 
measurements have showed two types of 
danofloxacin–γ-CyD complexes, the structures of 
both were investigated. First, we have generated a 
large number of 1:1 structures having in mind the 
orientation predicted by the ICD data and TDDFT 
calculations. The structures were obtained 
considering that the guest can penetrate the cavity 
from the wide and narrow rim, respectively. 
Likewise, we have ensured that different moieties 
of the guest gradually penetrate the cavity. Each 
structure was optimised and the interaction energy 
was calculated according to eq. (4). Among them, 
the structure with the smallest interaction energy 
(Table 2) was chosen as the most stable and thus 
the most probable (Fig. 5A). This optimised 
structure was tested by checking the perpendicular 
orientation of the guest electronic transitions with 
respect to the main CyD axis. As it can be seen 
from Fig. 5A, the danofloxacin molecule is 
included in a quasi-perpendicular position to the 
main CyD axis, an angle between the electronic 
transitions moments and CyD axis greater than 
54.7° being accepted for such an assignment. 

  
Table 2 

Calculated interaction energies in vacuo and in water, together with the relative contribution  
of the electrostatic and van der Waals interactions in both complexes 

In vacuo In water 
Complex 

Eint (kcal/mol) % el % vdw Eint (kcal/mol) % el % vdw 

1:1 –35.77 8 92 –34.80 8 92 

2:1 –45.61 3 97 –42.39 3 97 

 

 
Fig. 5 – Optimised structures of 1:1 (A) and 2:1 (B) γ-CyD:danofloxacin complexes  

in water obtained from molecular mechanics calculations. 

(A) (B) 
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Starting from the 1:1 structure, the 2:1 complex 
was found by approaching a second host molecule. 
We have generated complexes considering that the 
included fragment is either the piperazine moiety 
or the carboxylate fragment. The most stable 
proved to be the 2:1 complex with the piperazine 
moiety included in the cavity (Fig. 5B). In this 
case, the transition moments proved to be parallel 
to the CyD axis as ICD data indicated. The smaller 
extent of the fragment included may explain the 
smaller association constant of 2:1 complex 
compared with 1:1 complex.   

In molecular mechanics, each energy term in 
the interaction energy is given as a sum of the van 
der Waals and electrostatic contributions. 
Inspection of the values from the Table 2 shows 
that the driving forces for the formation of 
danofloxacin–γ-CyD complexes are the van der 
Waals interactions.  

EXPERIMENTAL DATA  
AND COMPUTATIONAL DETAILS 

High purity danofloxacin (Fluka) and γ-CyD (Sigma) were 
used. Fluorescence and circular dichroism measurements were 
carried out with a Jasco spectrofluorometer (FP-6300 model) 
and spectrometer (J-815 model), respectively, in a 1 cm path 
length cuvette in phosphate buffered solutions with pH 7.4. 
The circular dichroism (CD) spectra were acquired in the 
wavelength range of 200–450 nm with a time response of 8 s, 
scanning rate of 50 nm/min and 1 nm bandwidth.  

The inclusion process was analysed by adding aliquots of 
γ-CyD over a solution of danofloxacin, maintaining a constant 
drug concentration while varying the γ-CyD concentration.  

Density functional theory (DFT) and time dependent-DFT 
(TDDFT) calculations for the free guest were performed with 
the Gaussian03 software22 using the functional B3LYP23 and 
the basis set 631++G(d,p). The solvent effect (water) was 
introduced based on the continuum polarizable model 
(PCM).24 For the TDDFT calculations nine transitions were 
considered. The absorption and electronic circular dichroism 
(ECD) spectra were plotted with the aid of the Gabedit 
software.25 

The structures of the complexes were optimized using 
molecular mechanics. The procedure applied for in vacuum 
and in water calculations is described elsewhere.5 The 
inclusion process was characterized in terms of the interaction 
energy (Eint) defined as: 

 Eint = Ecomplex – (Eguest + Eγ-CyD)  (4) 

where Ecomplex is the energy of the complex, Eguest and Eγ-CyD 
are the guest and host energies that correspond to the 
geometries frozen in the complex. 

CONCLUSIONS 

A combined experimental and theoretical study 
of the inclusion complexes of danofloxacin in  

γ-CyD allows for the following conclusions. Both 
experimental techniques used, fluorescence and 
circular dichroism spectroscopies evidence the 
presence of two inclusion complexes with 1:1 and 
2:1 host:guest stoichiometry dependent on the 
range of the host concentration. The binding 
constants of the 1:1 complex estimated by the 
fluorescence and circular dichroism methods are 
different. A possible explanation consists in the 
different nature of the implied state, the ground 
state in dichroism and the excited states in 
fluorescence. The changes in the signs of the 
dichroic bands upon the inclusion process in 
correlation with the direction of the transition 
moments let us assume an orthogonal inclusion in 
the cavity for the 1:1 complex and an axial one for 
the second complex. Starting with these assumed 
geometries, a molecular modeling of the structures 
of the complexes in vacuo and water show that the 
interaction is mainly van der Waals with a very 
small percentage of an electrostatic contribution. 
Another conclusion consists in the important role 
of the circular dichroism measurements, which 
combined with high level theoretical methods give 
an insight on the molecular structure of the 
complexes. 

 
Acknowledgments: This work was supported by the strategic 

grant POSDRU/89/1.5/S/58852, Project “Postdoctoral 
programme for training scientific researchers” cofinanced by the 
European Social Fund within the Sectorial Operational Program 
Human Resources Development 2007–2013. 

REFERENCES 

1. M.E.E. Brewster and T. Loftsson, Adv. Drug Deliv. Rev., 
2007, 59, 645–666.  

2. E.M. Martin Del Valle, Proc. Biochem., 2004, 39, 1033–
1046. 

3. K. Harata and H. Uedaira, Bull. Chem. Soc. Jpn., 1975, 
48, 375–378. 

4. M. Kodaka, J. Am. Chem. Soc., 1993, 115, 3702–3705. 
5. I. Matei, L. Soare, C. Tablet and M. Hillebrand, Rev. 

Roum. Chim., 2009, 54, 133-141. 
6. C. Tablet and M.  Hillebrand, Spectrochim. Acta A, 2008, 

70, 740-748. 
7. C. Tablet, I. Matei and M. Hillebrand, “The Determination 

of the Stoichiometry of Cyclodextrin Inclusion Complexes 
by Spectral Methods: Possibilities and Limitations” in: 
“Stoechiometry and Research- The Importance of quantity in 
biomedicine”, A. Innocenti (Ed.), Publisher: InTech, 2012. 

8. C. Tablet, I. Matei, E. Pincu, V. Meltzer and M. 
Hillebrand, J. Mol. Liq., 2012, 168, 47-53. 

9. C. Tablet, L.  Minea, L. Dumitrache and M. Hillebrand, 
Spectrochim Acta A, 2012, 92, 56-63. 

10. C. Friis, Am. J. Vet. Res., 1993, 54, 1122-1127. 
11. U. Ozdemir, G.R. Loria, K.S. Godinho, R. Samson, T.G. 

Rowan, C. Churchward, R.D. Ayling and R.A.J. 
Nicholas, Trop. Anim. Health Prod., 2006, 38, 533–540. 



 Cyclodestrin inclusion complexes 611 

 

12. E. Jiménez-Lozano, I. Marqués, D. Barrón, J.L. Beltrán, 
and J. Barbosa, Anal. Chim. Acta, 2002, 464, 37-45.  

13. A. Nag, T. Chakrabarty and K. Bhattacharyya, J. Phys. 
Chem., 1990, 94, 4203-4206. 

14. J. Li and X. Zhang, J. Incl. Phenom. Macrocycl. Chem., 
2011, 69, 173–179. 

15. J. Li, C. Zhao and J. Chao, J. Incl. Phenom. Macrocycl. 
Chem., 2008, 62, 325–331. 

16. M. Guyot, F. Fawaz, J., Bildet,  F. Bonini and  
A.M.  Lagueny, Int. J. Pharm., 1995, 123, 53-63. 

17. J. Chao, D. Meng, J. Li, H. Xu and S. Huang, 
Spectrochim. Acta A, 2004, 60, 729–734.  

18. J.B. Chao, H. B. Tong, S.P.  Huang and D. S. Liu, 
Spectrochim. Acta A, 2004, 60, 161–166. 

19. J. Chao, J. Li, D. Meng and S. Huang, Spectrochim. Acta. 
A, 2003, 59, 705-711. 

20. L.P.V. Calsavara, G.M. Zanin and F.F. de Moraes,  
J. Incl. Phenom. Macrocycl. Chem., 2012, 73, 219–224. 

21. B. Valeur, M.N. Berberan-Santos, M.M. Martin, 
“Photophysics and Photochemistry of Supramolecular 
Systems.” in: “Analytical Methods in Supramolecular 
Chemistry”, C. Schalley (Ed.), Publisher: Wiley-VCH, 
Weinheim, 2007.  

22. Gaussian 03, Revision C.02, M. J. Frisch, G. W. Trucks, 
H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. 
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. 
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, 
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. 
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. 
Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, 
C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. 
Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. 
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. 
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. 
Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. 
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, 
J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. 
Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. 
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, 
M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. 
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. 
W. Wong, C. Gonzalez, and J. A. Pople, Gaussian, Inc., 
Wallingford CT, 2004. 

23. A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652. 
24. J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev, 2005, 

105, 2999-3093. 
25. A. R. Allouche, J. Comput. Chem., 2011, 32, 174-182. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



612 Cristina Tablet and Mihaela Hillebrand 

 

 
 
 
 
 

 




