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Enzyme-controllable F-NMR turn on through
disassembly of peptide-based nanospheres for
enzyme detection†
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The enzyme tyrosinase could trigger the disassembly of

peptide-based nanospheres, resulting in F-NMR signal turning on.

Self-assembling peptide-based nano-materials have shown
great potential in both fields of biomedicine and materials
science. They have been applied to drug delivery,1,2 imaging of
important analysts,3 regenerative medicine,4 synthesis of
organic and inorganic materials,5,6 etc. Among these systems,
responsive peptide-based assembling systems are probably the
most extensively investigated ones because they are very useful
for many applications including drug delivery on demand and
screening many important analysts.5,7 For instance, self-
assembling nanofibers of drug–peptide conjugates can con-
stantly release therapeutic agents in acidic or reductive
environments.2,8 The sol–gel phase transitions have also been
utilized to detect enzymes and peroxide-based explosives.9,10

Recently, Hamachi and co-workers reported that the F-NMR
signal was silent for fluoride (F)-containing compounds in the
self-assembled state,11 and disassembly of these compounds
through specific ligand–receptor interactions could lead to
F-NMR signal turning on. This self-assembling and disassem-
bling process could be developed into a general strategy for
detection of many important biomacromolecules. Stimu-
lated by these pioneering studies, we have reported in this
study F-containing short peptide-based nanospheres that
could respond to the enzyme tyrosinase for its detection.

We had found that a phosphorylated short peptide capped
with the adamantane (Ada) group, Ada-GFFpY-OMe, could
form nanospheres upon enzymatic triggering.12 We had also
reported on a molecular gelator (Ac-YYYY-OMe) that could

show a gel–sol phase transition to the enzyme tyrosinase
because the enzyme could oxidize phenol on Y to quinone
with much less π–π stacking ability.10 Based on this infor-
mation and the aforementioned result reported by Hamachi
et al., we opted to develop a self-assembled nanosphere system
based on a F-containing short peptide that could respond
to the enzyme tyrosinase. The enzyme tyrosinase was over-
expressed in melanoma and we believed that such a responsive
nanosphere system might be used for the detection of mela-
noma by F-NMR signal turn on.

We therefore designed and synthesized three phosphoryl-
ated short peptides with Ada-capping groups, Ada-GfFY-
pY-OMe (1 in Scheme 1), Ada-GfFYpY-OH (3 in Scheme 1), and
Ada-fFYpY-OH (4 in Scheme 1). These peptides might self-
assemble into nanospheres upon treatment with phosphatase.
If so, the F-NMR signal from fluoride-containing phenyl-
alanine (fF) should be in silence due to the formation of nano-
spheres (Scheme 2). Treating the nanospheres with tyrosinase
might lead to their disassembly into homogeneous solutions,
thus restoring the F-NMR signal (Scheme 2). This process
could therefore be applied to the detection of tyrosinase.

We firstly studied the self-assembly property of the three
peptides upon treatment with phosphatase. As shown in
Fig. 1, Ada-fFYpY-OH (compound 4, Fig. 1B) and Ada-GfFY-
pY-OH (compound 3, Fig. 1C) formed a precipitate and a clear

Scheme 1 Chemical structures of Ada-GfFYpY-OMe (1), Ada-GfFY-
pY-OH (3), and Ada-fFYpY-OH (4) and schematic illustration of phos-
phatase-triggered conversion from 1 to 2.
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solution in phosphate buffer saline (PBS, pH = 7.4) with phos-
phatase, respectively (concentration of peptide was 0.15 wt%
and concentration of enzyme was 25 U mL−1). Only Ada-GfFY-
pY-OMe (compound 1) could form a stable dispersion upon
treatment with phosphatase (Fig. 1A). These observations indi-
cated that the glycine (G) between Ada and the peptide and the
terminal methyl ester were crucial to the formation of a stable
dispersion. These phenomena were also consistent with our
published results that Nap-GFFpY-OMe exhibited a better gela-
tion ability than both Nap-FFpY-OMe and Nap-GFFpY-OH
upon treatment with phosphatase.13 The dispersion of Nap-
GfFYpY-OMe with phosphatase in PBS was stable for up to one
week (Fig. 1E). Since the nanospheres were composed of short
peptides, they could be destroyed by adding large amounts of

organic solvents such as DMSO (10% v/v), DMF (10% v/v) or
THF (15% v/v), so their working environment must be in water
or PBS.

We then used scanning electron microscopy (SEM) to
characterize the morphology of self-assembled nanostructures
in Fig. 1A. We observed uniform nanospheres with a diameter
of about 300 nm in the sample (Fig. 1G). The dynamic light
scattering (DLS) result showed the size distribution of the
nanospheres (295–310 nm, Fig. 1H). Both results indicated a
narrow size distribution of the nanospheres. The enzyme con-
centration had little effect while the concentration of peptide
had a dramatic effect on the size of the resulting nanospheres.
As shown in Table S-1,† for PBS solutions of 1 (0.05 wt%)
treated with different concentrations of phosphatase, the size
of the resulting nanospheres was similar (around 650 nm),
while solutions with higher concentrations of 1 would lead to
the formation of nanospheres with smaller sizes (Table S-2,†
246, 377, 482 and 684 nm from solutions of 1 at concen-
trations of 0.2, 0.1, 0.05, and 0.005 wt%, respectively). The
reason why this would happen was complicated, and we came
to a hypothesis that this relationship between concentration
and diameter could be explained by the model of nucleation
and crystal growth in crystallization, which was clearly expli-
cated by reseachers.14 Salts in dilute solution would often lead
to larger crystals due to slow nucleation and better crystal
growth. Similarly, lower concentrations of compound 1 might
cause very slow sphere nuleation so that it could grow into
larger particles. The concentration difference of phosphatase
added to the solution might not be large enough to affect the
nucleation, thus resulting in almost the same size of particles.

Similar to Hamachi’s results, the F-NMR signal was silent
in nanospheres. As shown in Fig. 2A (the top spectrum), we
observed a single peak at −116.34 ppm from the F-NMR spec-
trum of 1 in D2O (0.15 wt%, pH = 7.4). For the nanosphere dis-
persion (Fig. 2A, the spectrum in the bottom), we could not
observe any signals. We then added the enzyme of tyrosinase
(200 U mL−1) to check whether the F-NMR signal could be
restored or not. The results shown in Fig. 2B (peaks marked by
round dots) indicated that a peak at −116.43 ppm appeared
and its intensity increased gradually from 0 to 60 minutes.
These observations suggested the disassembly of nanospheres
due to the oxidation of phenol to diphenol with less self-
assembly ability (SEM images in Fig. S-7,† 1H NMR spectrum
in Fig. S-8†). We observed a second signal at about 75 minute
time point (Fig. 2C, peaks marked by triangle dots) probably
due to the formation of quinone. The intensity of the peak at
−116.43 ppm from diphenol decreased and that at
−116.53 ppm from quinone increased gradually from 75 to
135 minute time point, indicating the transformation from
diphenol to quinone (1H NMR spectrum in Fig. S-9†). The
F-NMR signal turn on suggested the potential of our nano-
sphere system for the detection of tyrosinase.

We also tested the signal restoring ability of the nano-
spheres responding to various concentrations of tyrosinase
(Fig. 2D). In the first 90 minutes, the signal intensity kept
increasing upon the addition of 200, 400 and 800 U mL−1

Scheme 2 Schematic illustration of enzymatic responding Off/On 19F
NMR probes.

Fig. 1 Optical images of PBS solutions (pH 7.4) of (A) spheres, (B) pre-
cipitates, and (C) clear solution formed by adding phosphatase (25 U
mL−1) to solutions containing 0.15 wt% of Ada-GfFpYY-OMe (1), Ada-
fFpYY-OMe (4), and Ada-GfFpYY-OH (3), respectively. (D) No visible
beam occurred for the solution of 1, (E) a visible beam occurred after
the addition of phosphatase to the solution of 1, (F) a very weak beam
occurred 1 hour after the addition of tyrosinase (200 U mL−1) to the sus-
pension shown in (E). (G) SEM image of nanospheres in solution of (A),
and (H) diameter distribution of spheres in solution of (A) detected by
dynamic light scattering.
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tyrosinase and finally reached the top of about 89.5%, 36.8%
and 19.8% signal restoration, respectively. Obviously, the
increasing speed was proportional to the concentration of tyro-
sinase and no signal could be detected when no tyrosinase
was added. However, the F-NMR signal began to decrease after
90 minutes and has not resumed any more. We hypothesize
that this phenomenon could be explained by two combined
factors. On the one hand, tyrosinase gradually became irrever-
sibly inactivated under aerobic conditions, induced by its
physiological substrate L-dopa.15 After the addition, tyrosinase
of higher concentration would immediately convert a larger
amount of compound 2 into polyphenol, which was more
hydrophilic and resulting in the stronger F-NMR signal. Then
this L-dopa analogue would lead to the inactivation of tyrosi-
nase, stopping the supply of the signal compound. On the
other hand, polyphenol spontaneously oxidized into quinone,
which reduced the signal intensity due to its poorer solubility
in water. These two factors together caused the result that
F-NMR signal restoration of our nanospheres first increased
and then decreased. This observation indicated that using our
nanospheres described in this study to detect tyrosinase
should be operated within 90 minutes.

In order to test the biocompatibility of the nanospheres
and the resulting products by tyrosinase, we performed an
MTT assay of NIH·3T3 mouse fibroblast cells treated with

different concentrations of the compounds to evaluate their
cytotoxicity. The results in Fig. 3 indicated that about 80% of
3T3 cells were alive after being cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing compounds at con-
centrations lower than 1.2 mM for 24 hours. These
observations indicated the low toxicity of compounds to 3T3
cells at these concentrations.

In summary, we have developed self-assembled 19F-contain-
ing nanospheres that can be applied for detecting the enzyme
tyrosinase through 19F-NMR signal turn on. There was no
fluoride in the human body; thus F-NMR turn on probes will
have great potential for imaging applications. Many peptides
with phenylalanine (F) can self-assemble into nanostructures.
Due to the chemical similarity of F and fF, peptides with fF
may also self-assemble into well-defined nanostructures with
silence in F-NMR signal. Using enzymes or proteins to digest
or bind to self-assembled peptides can lead to the disassembly
of these nanostructures, leading to F-NMR signal turn on. We
therefore imagine that responsive self-assembling systems con-
taining fluoride atoms would show great potential for detec-
tion of many important analysts.

This work was supported by the National Natural Science
Foundation of China (51222303 and 51373079) and Funds for
National Basic Science Personnel Training (J1103503).
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