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A hyaluronidase (HAase)-induced colorimetric change was found in

a solution of a supramolecular assembly constructed from hyaluronan

(HA) and a cationic Ru(II)-cyclodextrin complex under laser (532 nm)

irradiation. The colorimetric change would be due to the relative

intensities of scattered light from the assembly and the fluorescence

of the Ru(II) complex.
Enzymes, which are a series of biomacromolecules with highly
efficient catalytic activities in physiological conditions, play
essential roles in the metabolism of organisms and the activi-
ties and abnormalities in the expression of enzymes are corre-
lated with diseases.1 Recently, new enzyme assay methods, such
as supramolecular tandem assays2 and colorimetric detection
based on aggregation of gold nanoparticles,3 have been devel-
oped and applied in qualitative and quantitative detection.
However, applications of enzyme-responsive supramolecular
assembly (ERSA) in the detection of enzyme activity are still rare
despite the fact that ERSA has found signicant applications in
drug and gene delivery.4

Because the level of expression of hyaluronidase (HAase)
could be used to diagnose or predict the progression of cancer,5

chemists have tried to investigate the activity of HAase
employing ERSA constructed through the macrocycle-induced
aggregation of charged biomolecules (e.g. choline, poly-
saccharide, and nucleic acid).6 To construct an ERSA that is
responsive to HAase, hyaluronan (HA), which is the native
substrate of HAase7 and widely used to construct drug8 and
gene9 delivery systems, and a Ru(II)/tris-(phenanthroline)
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complex modied with cationic cyclodextrin (CD) pendants
(RuL3) were employed (see Scheme 1).

Signicantly, the HAase-induced disassembly of ERSA could
affect the relative intensities of scattered light from ERSA6 and
the uorescence emission of Ru complexes,10 leading to an
obvious color change in a HAase assay. It is our special interest
to provide a convenient and visible sensor for the activity of
enzymes in degrading polyanionic substrates based on the
concept of supramolecular assembly.

The syntheses of L and the RuL3 complex are described in
ESI.† As shown in Fig. S6 (ESI†), the UV-vis spectra of RuL3
exhibit obvious absorbance peaks at 266 nm and 450 nm, which
are respectively assigned to ligand-to-ligand charge transfer
(LLCT) andmetal-to-ligand charge transfer (MLCT).11 Moreover,
the uorescence spectra of RuL3 (Fig. 1) display two excitation
peaks at 266 nm and 450 nm, as well as an emission maximum
at 600 nm. The uorescence lifetime (see Fig. S7 and S8†)
of RuL3 (Ex ¼ 450 nm and Em ¼ 600 nm) was found to be 0.22 �
0.02 ms (c2 ¼ 1.009).
Scheme 1 Structures of L and RuL3 complex with imidazolium groups
and CD pendants.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Excitation (red) and emission (blue and purple) fluorescence
spectra of RuL3 (2 mM) in redistilled water at 298 K. The half-frequency
peak of the excitation spectrum is marked.
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The aggregation of HA induced by RuL3 was investigated by
UV-vis spectroscopy following the reported methods.4,6,12 On the
addition of RuL3, a solution of HA displayed an obvious Tyndall
effect at a concentration lower than its critical aggregation
concentration (CAC). As shown in Fig. 2, the optical trans-
mittance of HA at 650 nm (T650%) gradually decreased with the
addition of RuL3 (Fig. 2a). An inection point at 22 mM was
observed on a plot of T650% versus the concentration of RuL3
(Fig. 2b), which referred to a CAC value induced by RuL3.
Moreover, the suitable mixing ratio between HA and RuL3 was
also investigated. On the addition of HA to a RuL3 solution
([RuL3] ¼ 40 mM), T650% of the HA-RuL3 solution rst decreased
rapidly and then increased gradually. The minimum value was
found at [HA] ¼ 0.5 mM. Therefore, the solution of the assembly
was prepared with such a composition (H0.5R40:[RuL3]¼ 40 mM,
[HA] ¼ 0.5 mM) in the subsequent experiments.

To investigate the structural details of the assembly, trans-
mission electron microscopy (TEM) and dynamic light
Fig. 2 (a) Optical transmittance of aqueous solutions containing HA
(0.5 mM) and RuL3 (1–40 mM) at 25 �C. (b) Dependence of T650% versus
the concentration of RuL3. (c) Optical transmittance of aqueous
solutions of HA at different concentrations (0.1–1.5 mM) in the pres-
ence of RuL3 (40 mM) at 25 �C. (d) Dependence of T650% on the
concentration of HA in the presence of RuL3 (40 mM).

This journal is © The Royal Society of Chemistry 2015
scattering (DLS) were carried out. As shown in Fig. 3, theH0.5R40

assembly existed as solid spherical particles with an average
diameter of ca. 400 nm and the diameter measured by DLS was
ca. 600 nm. This difference could be due to dryness in preparing
the TEM sample. The zeta (z) potential of H0.5R40 (�11.40 mV)
showed that the surface of the assembly was mainly covered by
HA. According to previous reports about assemblies constructed
from charged macrocycles and macromolecules,4,6,12 we
proposed that H0.5R40 might have a “plum pudding model”
structure, where cationic CDs were buried in the chains of HA to
form multiple layers.

Before the investigation of the response to HAase of H0.5R40,
the stability of H0.5R40 was investigated by UV-vis spectroscopy
and DLS (Fig. 3c and d). The transmittances and diameters of
H0.5R40 were nearly unchanged for at least 5 h, which indicates
that such assemblies were sufficiently stable in an aqueous
solution. The response to HAase was investigated by detecting
the transmittance of H0.5R40 solution on the addition of the
enzyme (see ESI, Fig. S9†). In the presence of HAase, the
transmittance of H0.5R40 (e.g., at 650 nm) increased gradually,
which might be due to the degradation of large assemblies.4 In
addition, a positive correlation between the concentration of
HAase and the rate of increase in transmittance was also
observed (see Fig. 4).

To obtain more visual information on the formation and
degradation of the assembly, a green laser (532 nm) was used to
investigate the HAase-induced degradation of the H0.5R40

assembly.13 Samples containingH0.5R40,H0.5R40 + HAase (mixed
for 7 h) and RuL3 were irradiated with the green laser. As shown
in Fig. 5, an obvious color distinction was found under irradi-
ation with the 532 nm laser: that is,H0.5R40 was green,H0.5R40 +
HAase was orange-yellow, and RuL3 was red.

To understand this color change, the uorescence spectra of
H0.5R40 in the absence/presence of HAase were obtained, and
the wavelengths and intensities of the emission peaks were
almost the same when the excitation wavelength was set to 532
nm (see ESI, Fig. S10†). This result implied that such a color
change was not related to a change in emission intensity.
Fig. 3 TEM image (a) and DLS results (b) of H0.5R40 and time-depen-
dent UV-vis transmittance (c) and particle diameter from DLS (d). The
black bar in (a) represents 200 nm. [RuL3] ¼ 40 mM, [HA] ¼ 0.5 mM.
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Fig. 5 H0.5R40 assemblies irradiated with 532 nm laser. Lane 1:
H0.5R40; Lane 2: H0.5R40 + HAase (7 h); Lane 3: RuL3 only. Conditions:
[RuL3] ¼ 40 mM, [HA] ¼ 0.5 mM, [HAase] ¼ 10 U mL�1.

Fig. 7 HAase concentration-dependent color changes of H0.5R40

solution with a green laser. Lane 1: [HAase] ¼ 0.1 U mL�1; Lane 2:
[HAase] ¼ 1 U mL�1; Lane 3: [HAase] ¼ 10 U mL�1; Lane 4: RuL3 only.
Conditions: [RuL3] ¼ 40 mM, [HA] ¼ 0.5 mM, time ¼ 7 h.

Fig. 4 Time-dependent changes in transmittance of H0.5R40 in the
absence (control) and presence of HAase. [RuL3] ¼ 40 mM, [HA] ¼ 0.5
mM, T ¼ 37 �C.
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Another possible explanation is a change in the intensity of
scattered light. Without HAase, H0.5R40 displayed an intense
green light, which was due to the strong Tyndall effect ofH0.5R40

nanoparticles. In the presence of HAase, the degradation of HA
led to the disassembly of H0.5R40 and weakening of the Tyndall
effect. This proposition could be supported by the trans-
mittance change shown in Fig. 4.

To investigate the relationship between the color change and
HAase-induced degradation of H0.5R40, the dependence of the
color change on time and HAase concentration was investi-
gated. On placing a H0.5R40 solution with HAase (10 U mL�1) in
Fig. 6 Time-dependent color changes of H0.5R40 solution with
a green laser. Conditions: [RuL3] ¼ 40 mM, [HA]¼ 0.5 mM, [HAase]¼ 10
U mL�1.

99242 | RSC Adv., 2015, 5, 99240–99244
a sealed glass bottle in a 37 �C water bath, a clear color change
of a light beam was observed. As shown in Fig. 6, the color of the
light beam gradually changed from green to orange-yellow. On
the other hand, a comparison of H0.5R40 solutions containing
HAase at different concentrations (0.1, 1, and 10 U mL�1)
showed that a higher concentration of HAase induced a more
signicant color change under the same conditions (Fig. 7).
Therefore, we deduced that HAase activity could be detected by
a laser colorimetric assay with a H0.5R40 assembly.
Conclusions

In summary, a supramolecular assembly that was responsive to
HAase was constructed from a cationic Ru(II)/CD complex and
HA. The addition of HAase could induce detectable color
changes in the solution of the assembly under irradiation of
a green laser, which could be due to the relative intensity of
scattered light and uorescence emission. Therefore, the
assembly could be used as a colorimetric sensor of HAase
activity. Furthermore, other anionic macromolecules, such as
specic peptides and nucleic acids, would also form assemblies
with RuL3, and the resultant assemblies could be used as
colorimetric sensors for specic enzymes.
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P. Vierling, J. Defaye, C. Ortiz Mellet and J. M. Garćıa
Fernández, Biomaterials, 2011, 32, 7263–7273; (i) J. Zhang,
This journal is © The Royal Society of Chemistry 2015
H. Sun and P. X. Ma, ACS Nano, 2010, 4, 1049–1059; (j)
M. E. Davis, J. E. Zuckerman, C. H. J. Choi, D. Seligson,
A. Tolcher, C. A. Alabi, Y. Yen, J. D. Heidel and A. Ribas,
Nature, 2010, 464, 1067–1070; (k) S. Srinivasachari and
T. M. Reineke, Biomaterials, 2009, 30, 928–938; (l)
S. Srinivasachari, K. M. Fichter and T. M. Reineke, J. Am.
Chem. Soc., 2008, 130, 4618–4627; (m) Y. Liu, L. Yu,
Y. Chen, Y.-L. Zhao and H. Yang, J. Am. Chem. Soc., 2007,
129, 10656–10657; (n) M. E. Davis and M. E. Brewster, Nat.
Rev. Drug Discovery, 2004, 3, 1023–1035.

7 J. R. E. Fraser, T. C. Laurent and U. B. G. Laurent, J. Intern.
Med., 1997, 242, 27–33.

8 (a) Y. Zhong, J. Zhang, R. Cheng, C. Deng, F. Meng, F. Xie and
Z. Zhong, J. Controlled Release, 2015, 205, 144–154; (b)
C. Yang, X. Wang, X. Yao, Y. Zhang, W. Wu and X. Jiang, J.
Controlled Release, 2015, 205, 206–217; (c) M. Kong, L. Hou,
J. Wang, C. Feng, Y. Liu, X. Cheng and X. Chen, Chem.
Commun., 2015, 51, 1453–1456; (d) J.-H. Park, H.-J. Cho,
H. Y. Yoon, I.-S. Yoon, S.-H. Ko, J.-S. Shim, J.-H. Cho,
J. H. Park, K. Kim, I. C. Kwon and D.-D. Kim, J. Controlled
Release, 2014, 174, 98–108; (e) H. Y. Yoon, H. Koo,
K. Y. Choi, I. C. Kwon, K. Choi, J. H. Park and K. Kim,
Biomaterials, 2013, 34, 5273–5280; (f) W. Miao, G. Shim,
C. M. Kang, S. Lee, Y. S. Choe, H.-G. Choi and Y.-K. Oh,
Biomaterials, 2013, 34, 9638–9647; (g) Z. Chen, Z. Li, Y. Lin,
M. Yin, J. Ren and X. Qu, Chem.–Eur. J., 2013, 19, 1778–1783.

9 (a) Y. Yamada, M. Hashida and H. Harashima, Biomaterials,
2015, 52, 189–198; (b) T. F. Martens, K. Remaut, H. Deschout,
J. F. J. Engbersen, W. E. Hennink, M. J. van Steenbergen,
J. Demeester, S. C. de Smedt and K. Braeckmans, J.
Controlled Release, 2015, 202, 83–92; (c) X. Deng, M. Cao,
J. Zhang, K. Hu, Z. Yin, Z. Zhou, X. Xiao, Y. Yang,
W. Sheng, Y. Wu and Y. Zeng, Biomaterials, 2014, 35, 4333–
4344; (d) K.-M. Choi, M. Jang, J. H. Kim and H. J. Ahn,
Biomaterials, 2014, 35, 7121–7132; (e) W. Zhang, Q. Cheng,
S. Guo, D. Lin, P. Huang, J. Liu, T. Wei, L. Deng, Z. Liang,
X.-J. Liang and A. Dong, Biomaterials, 2013, 34, 6495–6503;
(f) H. Y. Yoon, H. R. Kim, G. Saravanakumar, R. Heo,
S. Y. Chae, W. Um, K. Kim, I. C. Kwon, J. Y. Lee, D. S. Lee,
J. C. Park and J. H. Park, J. Controlled Release, 2013, 172,
653–661; (g) E. Kim, J. Yang, H.-O. Kim, Y. An, E.-K. Lim,
G. Lee, T. Kwon, J.-H. Cheong, J.-S. Suh, Y.-M. Huh and
S. Haam, Biomaterials, 2013, 34, 4327–4338; (h) Y. He,
G. Cheng, L. Xie, Y. Nie, B. He and Z. Gu, Biomaterials,
2013, 34, 1235–1245; (i) S. Ganesh, A. K. Iyer,
D. V. Morrissey and M. M. Amiji, Biomaterials, 2013, 34,
3489–3502; (j) S.-h. Hsu, T.-T. Ho and T.-C. Tseng,
Biomaterials, 2012, 33, 3639–3650; (k) M. Han, Q. Lv,
X.-J. Tang, Y.-L. Hu, D.-H. Xu, F.-Z. Li, W.-Q. Liang and
J.-Q. Gao, J. Controlled Release, 2012, 163, 136–144.

10 (a) C. Egloff, R. Gramage-Doria, M. Jouffroy, D. Armspach,
D. Matt and L. Toupet, C. R. Chim., 2013, 16, 509–514; (b)
Y. Pellegrin, R. J. Forster and T. E. Keyes, Inorg. Chim. Acta,
2008, 361, 2683–2691; (c) O. S. Wenger, Coord. Chem. Rev.,
2015, 282, 150–158; (d) G. Shi, S. Monro, R. Hennigar,
J. Colpitts, J. Fong, K. Kasimova, H. Yin, R. DeCoste,
C. Spencer, L. Chamberlain, A. Mandel, L. Lilge and
RSC Adv., 2015, 5, 99240–99244 | 99243

http://dx.doi.org/10.1039/c5ra19122j


RSC Advances Communication

Pu
bl

is
he

d 
on

 3
0 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
on

 1
1/

11
/2

01
8 

03
:3

4:
48

. 
View Article Online
S. A. McFarland, Coord. Chem. Rev., 2015, 282, 127–138; (e)
J. D. Knoll and C. Turro, Coord. Chem. Rev., 2015, 282,
110–126; (f) A. K. Singh, D. S. Pandey, Q. Xu and
P. Braunstein, Coord. Chem. Rev., 2014, 270, 31–56; (g)
G. Y. Li, R. L. Guan, L. N. Ji and H. Chao, Coord. Chem.
Rev., 2014, 281, 100–113; (h) M. R. Gill and J. A. Thomas,
Chem. Soc. Rev., 2012, 41, 3179–3192; (i) A. Ruggi,
F. W. B. van Leeuwen and A. H. Velders, Coord. Chem. Rev.,
2011, 255, 2542–2554; (j) K. M. Lancaster, J. B. Gerken,
A. C. Durrell, J. H. Palmer and H. B. Gray, Coord. Chem.
Rev., 2010, 254, 1803–1811.
99244 | RSC Adv., 2015, 5, 99240–99244
11 (a) K. A. McGee and K. R. Mann, J. Am. Chem. Soc., 2009, 131,
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