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Abstract
A new compound composed of poly(ε-caprolactone) and β-cyclodextrin (β-CD) was synthesized by click chemistry. This com-

pound was used to obtain stable nanoparticles, which have been proven to be able to complex phenolphthalein and adamantyl

carboxylate. The nanoparticles are characterized by a distinct morphology, i.e., a hydrophobic core formed by the polyester chain

and a shell containing the CD part. Moreover, the formed nanoparticles have been proven to encapsulate umbelliferone in the poly-

ester phase, which may serve as an example for the uptake of a drug. The formed nanoparticles were characterized in terms of sizes

and morphology by both DLS and TEM.
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Introduction
The development of new nanoscale systems for the encapsula-

tion of drugs or imaging agents, which could be used in the

treatment, localization or diagnosis of diseased tissues, repre-

sents one of the most interesting aims for researchers working

in the realm of biochemistry. A lot of such systems have been

reported in the past years, including nanovesicles based on

natural macromolecular compounds, liposomes formed by

autoassemble of phospholipids in aqueous medium [1], and

nanovesicles formed by the autoassemble of synthetic amphi-

philic copolymers, polymersomes [2]. There is a broad variety

of conditions which have to be met, both for nanoparticles

and for the macromolecular compounds that underlie their

formation [3].

The existence of various barriers present at different levels of

the human body, necessitates the use of nano-level carriers.

Regarding the requirements for the macromolecular com-

pounds used to form nanoparticles, among the most important
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are biocompatibility, biodegradability and nontoxicity [4,5].

The aliphatic polyesters combine the requirements above

mentioned. Consequently, they had a huge impact on the

biomedical field and are used in surgical sutures, tissue

scaffolding and for bone screws [6]. Between them, one of

the most studied and used is poly(ε-caprolactone), a linear ali-

phatic polyester, obtained by ring-opening polymerization of

ε-caprolactone.

Poly(ε-caprolactone) was used in several combinations,

including click reaction products. Functionalized polyester was

obtained, which was further used for grafting β-CD on it. The

final product has been proven to exhibit a host–guest ability

with different compounds [7]. Pseudo-polyrotaxanes based on

propargyl functionalized poly(ε-caprolactone) and mono-(6-

azido-6-desoxy)-ß-CD have been successfully obtained [8].

Here, we propose to obtain an amphiphilic behavior by using

poly(ε-caprolactone), which is known for its high hydropho-

bicity. To obtain an amphiphilic behavior requires the presence

of a hydrophilic compound, which also has to comply with the

biocompatibility, biodegradability and nontoxicity require-

ments. Copper catalyzed click chemistry became a very impor-

tant tool for the synthesis of new polymeric structures over the

past years [9] and represents an attractive method for bonding a

polyester chain with a hydrophilic compound [10].

The use of propargylic alcohol as an initiator leads to a poly-

ester with an acetylenic end group, which allows its use as a

click reaction precursor. The chemical modification of CD,

consisting of the selective substitution of the C6-hydrogen with

an azidic group, permits its use as a click reaction partner for

the modified poly(ε-caprolactone). CDs are cyclic oligo-

saccharides composed of α-(1-4)-linked α-D-glucosyl units

[11]. They have a hydrophobic cavity in their interior, whereas

the exterior part is hydrophilic. Drugs with adequate sizes can

be complexed by the internal hydrophobic part of the CDs,

while macromolecular drugs are only partially included [12].

Host–guest interactions between a monoacrylated CD and

N-isopropylacrylamide based copolymer have been reported

[13]. The characterization and the morphology of a complex

based on fish oil encapsulated in CD with the use of polycapro-

lactone have also been reported [14,15]. Furthermore, CD

inclusion complexes with different essential oils and their

potential application for antimicrobial delivery have been

described [16].

The aim of this study was to develop a β-CD-poly-ε-caprolac-

tone compound by click chemistry, which is able to form

nanoparticles in water. Once obtained, the nanoparticles were

used for host–guest behavior studies with different hydrophobic

compounds, including phenolphthalein and adamantyl carboxy-

late. The ability of the click reaction product to complex umbel-

liferone was also investigated, based on its structural similarity

with other hydrophobic compounds previously described in the

literature as guests for CD.

Experimental
Materials, general remarks
β-CD was obtained from Wacker Chemie GmbH, Burghausen,

Germany and was used after being dried overnight with a

vacuum oil pump over P4O10. N,N-Dimethylformamide (DMF)

was purchased from Fluka, Germany. Dimethyl sulfoxide-d6

(99.9 atom % D) and deuterium oxide. ε-Caprolactone

was purchased from Acros, dried over calcium hydride, distilled

under reduced pressure, and stored over 0.4 nm molecular

sieves. Sodium ascorbate (AppliChem) and copper(II)

sulfate (Carl Roth GmbH) were used as received. Commer-

cially available reagents and solvents were used without further

purification.

Measurements
1H NMR spectra were recorded on a Bruker Avance DRX 600

at 20 °C by using DMSO-d6 or CDCl3 (99.9%) as solvents.

Chemical shifts referenced to the solvent value δ = 2.5 ppm for

DMSO-d6 and δ = 7.26 ppm for CDCl3. SEC-MALS measure-

ments were carried out on a combined system comprising the

following elements: refractive-index detector Optilabrex (Wyatt

Technologies, laser wavelength 658 nm), three-angle light-scat-

tering detector miniDawn TREOS (Wyatt Technologies, laser

wavelength 658 nm, detector angles at 43.5°, 90.0° and 136.5°),

UV detector Waters 486 (Waters), column set of HEMAbio 300

and HEMAbio 100 (MZ-Analysentechnik), pump, degasser and

autosampler (Agilent 1200, Agilent technologies). The eluent

was ultrapure water at a flow rate of 1 mL/min. The molecular

weight was calculated with Astra5 software from static-light-

scattering data by using the Zimm model. Dynamic light scat-

tering (DLS) experiments were carried out with a Malvern Zeta-

sizer Nano ZS ZEN 3600 at a temperature of 25 °C. The

particle size distribution is derived from a deconvolution of the

measured intensity autocorrelation function of the sample by a

general purpose method, i.e., the non-negative least squares

algorithm, included in the DTS software. The TEM images

have been obtained with a TEM Zeiss 902.

Synthesis
Synthesis of alkyne-functionalized polyester
The strategy for the synthesis of functionalized aliphatic poly-

ester bearing a propargyl end-group relies on the Sn(Oct)-medi-

ated ring-opening polymerization (ROP) of ε-caprolactone

by using the propargylic alcohol as an initiator. A 10 mL

round bottom flask was heated and purged with argon. 5 g
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Figure 1: The FTIR spectra for (1) the mono-6-azido-CD, (2) the alkyne compound of poly(ε-caprolactone), and (3) the click reaction product.

(43.806 mmol, 10 Eg) of ε-caprolactone and 608.86 mg of

propargylic alcohol was added to the round-bottom flask and

heated at 120 °C. When the temperature is reached, 88.72 mg

(0.219 mmol) of Sn(Oct)2, 0.5 mol % with respect to the mono-

mer, is added. Argon was purged into the reaction flask. The

reaction mixture was stirred for 24 h. After this, the product was

cooled at room temperature and a solid is formed. The product

was dissolved in CH2Cl2, separated through precipitation in a

large excess of hexane, and dried under vacuum (91% mass

yield). The reaction product was characterized in terms of mole-

cular weight and dispersity by GPC and the obtained values

were 4600 for the Mw and 1,164 for the dispersity index. The

structure was proved by NMR. 1H NMR (600 MHz, CDCl3):

1.15 (H from acetylenic group), 1.3 (H-e), 1.6 (H-d), 2.3 (H-c),

3.6 (H-g'), 4 (H-g).

Synthesis of the CD endgroup containing poly(ε-
caprolactone) by a “click” reaction
Mono-(6-azido-6-desoxy)-ß-CD has been obtained following

the published procedure [7]. In a similar manner as described

before [8] the click reaction was successfully realized by adding

mono-(6-azido-6-desoxy)-ß-CD to a solution of polyester in

DMF (0.6% w/w). To the reaction mixture were added

10 mol % sodium ascorbate and 5 mol % copper(II) sulfate

pentahydrate. The flask was immersed in an oil bath at 95 °C

for 24 h. The solvent was removed at the rotatory evaporator

and the product was dried under vacuum.

1H NMR (600 MHz, C2D6SO) 3.32 (H-2,4), 3.6–3.84

(H-3,5,6), 4.44–4.6 (OH-6), 4.85 (H-1), 5.73 (OH-2, 3) from the

β-CD rest and 1.15 (H), 1.3 (H-e), 1.6 (H-d), 2.3 (H-c),

3.6 (H-g'), 4 (H-g) from the polyester. The melting point was

77 °C.

The success of the click reaction between the poly(ε-caprolac-

tone) with an acetylenic final group and the modified β-CD was

also proved by FTIR analysis. The polyester presented one peak

at 2096 cm−1 corresponding to the acetylenic group, while the

modified β-CD presented two peaks, one at 2040 cm−1 and one

at 2100 cm−1, corresponding to the azidic group. The click reac-

tion product had no peaks in these region since all reactive

groups (acetylenic and azidic) have been consumed during the

reaction (Figure 1).

Preparation of nanoparticles
A solution of the click reaction compound (Figure 1, (3))

was prepared by dissolving 100 mg compound into 1 mL

of DMF. Small amounts from this solution were added to a

large excess of water (35 mL) under an ultrasonifier treatment.

The formation of aggregates was proved by means of DLS

measurements.

Phenolphthalein and adamantyl carboxylate com-
plexation by the formed nanoparticles
A suspension of the nanoparticles (A) was obtained as previ-

ously described. A solution of phenolphthalein in water was

prepared, to which trace amounts of NaOH were added to

increase the pH and obtain a pinkish solution (B). A was added

to B, while stirring (C). To C, a solution of adamantly-carboxy-

late in water was added, while vigorously stirring.
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Scheme 1: Click reaction between mono-6-azido-CD (1) and the alkyne compound of poly(ε-caprolactone) (2).

Results and Discussion
Previously synthesized mono-6-azido-β-CD (1) was “clicked”

with an alkyne compound of poly(ε-caprolactone) (2)

(Scheme 1). The reaction was catalyzed by copper(I), obtained

in situ by the reduction of CuSO4 with sodium ascorbate. DMF

was used as a solvent due its high boiling point and its ability to

solubilize both starting materials. The click reaction product

was characterized by using 1H NMR and FTIR spectroscopy.

The properties of 3 in water were investigated by DLS measure-

ments. We observed that the higher the concentration of the

copolymer the greater the sizes of the nano-aggregates. These

nano-aggregates are quite stable in water as DLS measure-

ments of the suspension, performed after 8 days, shows an

increase of the nano-aggregates’ diameter of ≈35% (Figure 2).

The nanoparticles were prepared by adding small amounts of a

solution of 3 in DMF to a solution of umbelliferone in ultrapure

water (35 mL). The amount of the added umbelliferone was

varied in this experimental protocol. We observed that the

diameter of the nanoparticles increased with an increasing

umbelliferone concentration (Figure 3). Moreover, the diameter

Figure 2: The dependency between the nanoparticles’ diameter
(formed by 3 in water) as a function of the concentration.

of the nanoparticles encapsulating umbelliferone was bigger

than the diameter of the nanoparticles without umbelliferone.

The increase of the diameter of the nanoparticles formed in the

umbelliferone solution can be explained by the entrapment of

umbelliferone, a highly hydrophobic compound, in the

hydrophobic core of the nanoparticles.
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Figure 4: TEM images for the nanoparticles based on 3. The nanoparticles were obtained by dispersing the click reaction product (3) in water. with a
concentration of 1% (A) and 2% (B).

Figure 3: Diameter of the nanoparticles based on compound 3, with
and without umbelliferone.

To investigate the morphology of the formed nanoaggregates,

TEM analysis was performed. The microscope images show the

formation of nanoparticles the sizes of which are in agreement

with the DLS measurements. TEM images of nanoparticles ob-

tained with two different concentrations are presented in

Figure 4 (A: concentration 1%, B: concentration 2%).

We also tested the ability of the formed nanoparticles to com-

plex phenolphthalein and adamantyl carboxylate. Furthermore,

this study also aimed for establishing the exact morphology of

the nanoparticles. Pictures were taken of the phenolphthalein

solution in water at pH > 7, the nanoparticles suspension added

to the phenolphthalein solution, and the adamantyl carboxylate

added to the previous phase (Figure 5).
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Figure 5: The color during the complexation with phenolphthalein and
adamantyl carboxylate. (a) Phenolphthalein solution in water at pH > 7,
(b) nanoparticles suspension added to the phenolphthalein solution,
(c) nanoparticles suspension in phenolphthalein solution after the addi-
tion of adamantyl carboxylate.

Based on the ability of the nanoparticles to complex phenolph-

thalein and adamantyl carboxylate we propose the morphology

shown in Figure 6.

Figure 6: Schematic representation of the CD based nanoparticles
morphology. (a) In water at pH > 7, (b) in phenolphthalein solution,
(c) after small amounts of adamantyl carboxylate were added to the
phenolphthalein solution, (d) after a large amount of adamantyl
carboxylate was added to the phenolphthalein solution.

Presumably, the interior is formed by the hydrophobic poly(ε-

caprolactone) chain, while the β-CD part is located on the exte-

rior (Figure 6a). When the nanoparticles suspension is added to

the phenolphthalein solution (pH > 7) the phenolphthalein is

included in the hydrophobic cavity of β-cyclodextrin

(Figure 6b) and the suspension changes its color from pink in

white (Figure 5). The affinity of adamantyl carboxylate to

β-cyclodextrin is higher than of phenolphthalein to β-cyclodex-

trin. Thus, the addition of adamantyl carboxylate results in

phenolphthalein leaving the β-cyclodextrin cavity and

adamantyl carboxylate entering it so that the suspension

changes its color back to pink (Figure 5).

Conclusion
In conclusion, we successfully prepared nanoparticles in water

by nano-precipitation of a solution of poly(ε-caprolactone)

tailored with the addition of β-CD as an endgroup. We proved

that the formed nanoparticles are able to complex phenolph-

thalein and adamantyl carboxylate, respectively, due to their

distinct morphology. They consist of a hydrophobic core

composed of the polyester chain and a shell, to which the β-CD

part is covalently attached. The nanoparticles have been charac-

terized in terms of morphology and diameter by both DLS

measurements and TEM. Umbelliferone, a hydrophobic mole-

cule, was not included in the cavity of the CD moiety according

to ROESY NMR measurements. However, the encapsulation of

umbelliferone in the hydrophobic part of the nanoparticles was

demonstrated by the increased diameter of nanoparticles ob-

tained in a solution with umbelliferone compared to nanoparti-

cles obtained in pure water.

References
1. Bangham, A. D. Biophys. J. 1994, 67, 1358–1359.

doi:10.1016/S0006-3495(94)80607-1
2. Seok, J. L.; Jan, F. J. Controlled Release 2012, 161, 473–483.

doi:10.1016/j.jconrel.2011.10.005
3. Petros, R. A.; DeSimone, J. M. Nat. Rev. Drug Discovery 2010, 9,

615–627. doi:10.1038/nrd2591
4. Mohanraj, V. J.; Chen, Y. Trop. J. Pharm. Res. 2006, 5, 561–573.

doi:10.4314/tjpr.v5i1.14634
5. Wang, A. Z.; Langer, R.; Farokhzad, O. C. Annu. Rev. Med. 2012, 63,

185–198. doi:10.1146/annurev-med-040210-162544
6. Ikada, Y.; Tsuji, H. Macromol. Rapid Commun. 2000, 21, 117–132.

doi:10.1002/(SICI)1521-3927(20000201)21:3<117::AID-MARC117>3.0
.CO;2-X

7. Jazkewitsch, O.; Ritter, H. Macromolecules 2011, 44, 375–382.
doi:10.1021/ma102456n

8. Jazkewitsch, O.; Mondrzyk, A.; Staffel, R.; Ritter, H. Macromolecules
2011, 44, 1365–1371. doi:10.1021/ma1027627

9. Munteanu, M.; Choi, S.; Ritter, H. Macromolecules 2008, 41,
9619–9623. doi:10.1021/ma8018975

10. Sinnwell, S.; Inglis, A. J.; Stenzel, M. H.; Barner-Kowollik, C. Blocks,
Stars and Combs: Complex Macromolecular Architecture Polymers via
Click Chemistry. In Click Chemistry for Biotechnology and Material
Science; Lahann, J., Ed.; John Wiley & Sons: Chichester, UK, 2009;
pp 89–117. doi:10.1002/9780470748862.ch6

11. Tomasik, P.; Schilling, C. H. Complexes of starch with organic guests.
Advances in carbohydrate chemistry and biochemistry; Academic
Press: San Diego, CA, USA, 1998; pp 345–426.

12. Davis, M. E.; Brewster, M. E. Nat. Rev. Drug Discovery 2004, 3,
1023–1035. doi:10.1038/nrd1576

http://dx.doi.org/10.1016%2FS0006-3495%2894%2980607-1
http://dx.doi.org/10.1016%2Fj.jconrel.2011.10.005
http://dx.doi.org/10.1038%2Fnrd2591
http://dx.doi.org/10.4314%2Ftjpr.v5i1.14634
http://dx.doi.org/10.1146%2Fannurev-med-040210-162544
http://dx.doi.org/10.1002%2F%28SICI%291521-3927%2820000201%2921%3A3%3C117%3A%3AAID-MARC117%3E3.0.CO%3B2-X
http://dx.doi.org/10.1002%2F%28SICI%291521-3927%2820000201%2921%3A3%3C117%3A%3AAID-MARC117%3E3.0.CO%3B2-X
http://dx.doi.org/10.1021%2Fma102456n
http://dx.doi.org/10.1021%2Fma1027627
http://dx.doi.org/10.1021%2Fma8018975
http://dx.doi.org/10.1002%2F9780470748862.ch6
http://dx.doi.org/10.1038%2Fnrd1576


Beilstein J. Nanotechnol. 2014, 5, 651–657.

657

13. Choi, S.; Munteanu, M.; Ritter, H. J. Polym. Res. 2009, 16, 389–394.
doi:10.1007/s10965-008-9240-0

14. Choi, M.-J.; Ruktanonchai, U.; Min, S.-G.; Chun, J.-Y.;
Soottitantawat, A. Food Chem. 2010, 119, 1694–1703.
doi:10.1016/j.foodchem.2009.09.052

15. Choi, M.-J.; Ruktanonchai, U.; Soottitantawat, A.; Min, S.-G.
Food Res. Int. 2009, 42, 989–997. doi:10.1016/j.foodres.2009.04.019

16. Hill, L. E.; Gomes, C.; Taylor, T. M. LWT-Food Sci. Technol. 2013, 51,
86–93. doi:10.1016/j.lwt.2012.11.011

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.5.76

http://dx.doi.org/10.1007%2Fs10965-008-9240-0
http://dx.doi.org/10.1016%2Fj.foodchem.2009.09.052
http://dx.doi.org/10.1016%2Fj.foodres.2009.04.019
http://dx.doi.org/10.1016%2Fj.lwt.2012.11.011
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.5.76

	Abstract
	Introduction
	Experimental
	Materials, general remarks
	Measurements

	Synthesis
	Synthesis of alkyne-functionalized polyester
	Synthesis of the CD endgroup containing poly(ε-caprolactone) by a “click” reaction
	Preparation of nanoparticles
	Phenolphthalein and adamantyl carboxylate complexation by the formed nanoparticles


	Results and Discussion
	Conclusion
	References

