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We reported a visualized detection system for melamine
based on supramolecular dydrogelations.

Melamine, with high nitrogen content (66%) and lowst, was
illegally used in adulterating milk to boost thepapent protein
level. However, melamine has a deleterious effatthaman
body and can lead to seriously tissue injury iddekit, such as
acute kidney failure, urolithiasis, bladder can@erd even death
due to the formation of melamine-cyanuric acid tigsin the
kidneys? Therefore, it is of great importance to detectaméhe

in foods. For detecting melamine, various methodgehbeen
reported, including gas chromatography-mass speetry (GC-
MS)? liquid chromatography-mass spectrometry (LC-MS),
enzyme-linked immunosorbent assay (ELISAnd fluorescence
spectroscopy, ect. Although the existing methods can provide
both accuracy and high sensitivity for melamineedgon, all
require expensive and complicated instruments. blae the
melamine is usually needed to be extracted from ik to
render its detectioff; 7 thus making the on-site and real-time
monitoring difficult. There is an urgent need tovelep simple,
rapid, easily accessible, and cost-effective methtm detect
melamine in foods.

Supramolecuar hydrogels are advantageous soft eoiaa
because of their ease of synthesis, biocompagibdi#gradability,
and fast reponses to external stinfulihey have led to diverse
applications such as tissue engineefimgug delivery:® analyte
detectiont! etc. Recently, their application in sensing atgact
extensive research interests. Supramolecular hgthmsed
sensors can not only provide an unambiguous vishahge in
the material physical properties and but also, amtmast to
colorimetric and fluorescent sensors, there is pednof any
instruments and transporting sample to a laborat@ych
advantage makes rapid, real-time and on-site mamitgossible.
To date, many supramolecular hydrogel-based sehswes been
developed for various important analytes, includéamgzymes?

12 glucose'? nitric oxide* and metal ion&® etc. For instance, Xu
and co-workers have reported on a simple assaygdening
inhibitors of an enzyme (acid phosphatase) baseermyme-
triggered gel formatiof?® Using similar strategy, McNeil and
coworkers also developed a modular system for sarge
protease activitwia the sol-gel phase transition and to monitor
artificial blood clotting'®® Besides, Zhang and co-workers

developed a simple visual biosensor for glucosedtiein based
on the responsiveness of the peptide-based selinidg to
glucose metabolisi?. Hamachi et. al. reported a simple gel-sol
phase transition catalyzed by,®} for the detection of several
important enzyme¥ All these efforts advance the research
progress of the supramolecular hydrogel-based tietesystems.

In this study, we reported on a simple and visisalag for the
detection of melamine based on supramolecular Iggdation.

It is well-known that melamine and cyanuric acid (G its
derivatives can form a stable complex through thteraction
between diaminopyridine and diimide moieties, eithig three
complementary NH-O and NH-N hydrogen boAtiSuch triple
hydrogen bonding is considered to be particularbeful for
controlling molecular self-assembly due to the rsimslity,
specificity, directionality, and coperative stremgif this class of
interactions.’ Ispired by this principle and the nature of th#-s
assembled peptide systems, we opted to design tal@dgmsed
CA derivative with self-assembling property for ttietection of
melamine. The derivative could self-assemble irndifibers but
not hydrogels due to the relatively weak interfiligeractions.
With the assistance of the triple hydrogen bondmfr€A-
melamine, the nanofibers might be cross-linked BB fiber
networks, leading to the dramatic visualized phesesition from
a solution to a gel. This process could be develap® a simple,
real-time, and on-site sensing method for melamine.
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Scheme 1. The synthetic route to Nap-FFYGK-CA
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In order to test our hypothesis, we designed théecnte of
Nap-FFYGK-CA (Scheme 1). Many peptide derivativasdx on
FF or FFY are molecules with excellent self-assambl

We also tested whether our method could be usedketect
melamine in foods and biological fluids. We choaselamine
tainted milk and urine because of the importancdetéction of

properties® We envisioned that our designed molecule might melamine in these two samples. There are proteidsuaea in

self-assemble into nanofibers with good water d&spe The CA
moiety was used to form a complex with melaminenirease
the inter-fiber interactions for hydrogelation. Tégnthetic route
was described in Scheme 1, we firstly prepared Gd-a four

steps with a total yield of about 70%. The Nap-FRY@&as

produced by standard solid phase peptide syntfi8&iRS). We
then obtained Nap-FFYGK-CA by coupling CA-acid withe

peptide. The pure compound was achieved by reydrase high
performance liquid chromatography (HPLC).

After obtaining the Nap-FFYGK-CA, we tested its fsel
assembling property by the heating-cooling proc¥gs. firstly
prepared a phosphate buffer saline (PBS, pH = ®ldjisn of it
at a concentration of 0.5 wt%. After a heating-guplprocess,
we observed the formation of a clear solution (Figd),
suggesting that the compound itself could not fartnydrogel at
this concentration. We observed a light beam whenused a
laser pointer to shine the solution, indicating gresence of
nanoscale materials in the solution. We then testieether the
addition of melamine would lead to hydrogelationsnot. We
mixed the solution of Nap-FFYGK-CA at a final contration of
0.5 wt%
concentrations. As shown in Fig. 2B, the solutioarged to a
hydrogel within 10 minutes when the concentratibmelamine

was higher than 35 ppm. We also observed the hgtirog

formation when the concentration of melamine wagpgt, but
the gelation took a longer time of about 8 hourhiese
observations clearly indicated the success of @sigth. As the
sol-gel phase transition can be easily identifigdnbked eyes,
this system might be suitable for the detectionnadlamine
without instruments.

Fig. 1. Optical images of the solutions of Nap-FFYGK-CAaheut (left
images) or with (right images) 35 ppm, 20 ppm, @hpnelamine in PBS
(A and B), milk (C and D), and urine (E and F) pestively.

and the solution of melamine with different

milk and urine, respectively, which may interferathwthe
hydrogelation. As shown in Fig. 1C, milk without meline can
not form a hydrogel at the concentration of 0.5 wiffith the
addition of melamine above the concentration of @fin, a
hydrogel would form within 30 min (Fig. 1D). Simila
observations were achieved for melamine taintedeyrand the
minimum detection concentration of melamine in anmas also
about 20 ppm (Fig. 1E and 1F). Compared with othelamine
detecting systems needing to extract melamine flm@rsamples,
our method was much simpler that the analytes cbheldetected
directly by naked eyes. Such convenient method ésy v
promising for the detection of melamine where nstriment is
accessible.

Fig. 2. TEM images of A) solution of Nap-FFYGK and gelghw
different equiv. of melamine: B) 2 equiv., C) 4 equand D) 16 equiv.

We then used transmission electron microscopy (TEM)
characterize the morphology of self-assembled stres in the
solution and hydrogels with different amounts oflangne. As
shown in Fig. 2A, the compound Nap-FFYGK-CA self-
assembled into filamentous structures with the ditamof about
25 nm. The density of cross-linking point was lomlpably due
to the lack of strong interactions between fibémsthe presence
of melamine, we observed higher densities of clio&sg point
in the gel samples (Fig. 2B-2D, S-5, S-6, S-7, S&)mpared
with the fibers in the solution without melaminketdiameter of
those in gels was bigger. Many reports have dermatest that
the hydrogen bonding andrn stacking between melamine could
assist the formation and tune the morphology dfastembled
nanostructure¥’ In our study, we also observed that the diameter
of fibers became bigger in the presence of moreamigle and it
was about 33, 40, 48, 53, 58, 68, and 77 nm imptesence of
0.25,0.5, 1, 2, 4, 8, 16 equivalent of melamiespectively (Fig.
S-9). It is well-known that in order to form supralecular
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hydrogels, there should be strong or at least medinteractions
between self-assembled nanostructdfe3ur previous study had
also showed that using a recombinant protein withitipie
binding sites, we could enhance the inter-fibeernattion by the
specific protein-peptide interaction for hydrogelas? In this
study, with the assistance of CA-melamine compleratwe
could enhance the interaction between supramolenatzofibers,
resulting in the formation of stable 3D networksl &rydrogels.
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Fig. 3. A) Dynamic frequency sweep at the strain of 0df%he
hydrogels with addition of 0.5 (circles), 2 (squgrand 8 (triangles)
equiv of melamine (filled symbols: G’ and open syisb G”), and B) G’
value in the mode of dynamic frequency sweep asttzn of 0.1% of
the gels with different equivalents of melamine

We further investigated the mechanical propertyhydrogels
by rheology. The hot aqueous solutions containiag-RFYGK-
CA and different amounts of melamine were direathnsferred
to the rheometer. After 2 hours' incubation to achi stable
hydrogels, we performed a dynamic strain/frequeswegep. The
value of the storage moduli (G', elasticity) of almples was
bigger than that of their corresponding loss mod({",
viscosity), suggesting that all samples behaved/issoelastic
materials. The hydrogels showed bigger G' valueth whe
increased amounts of melamine when the equivafemetamine
was lower than 2 (Fig. 3, S-10, S-11, S-12). Fetance, the G’
value reached 8728 Pa at the frequency value ofddl/s for the
gel with 2 equivalent of melamine, which was ab8Gt times
bigger than that with 0.25 equivalent of melamikawever,
when the amount of melamine was more than 2 eqntathe G'
value of resulting hydrogels dropped (Fig. 3). Eheesults
indicated that the mechanical property of the hgdt® might be
regulated by changing the molar ratios of melamias. the
mechanical properties of hydrogels are criticaltfair biological
applications, a hydrogel that can finely tune thechanical
properties is highly desired.

assembly formed at the surface of nanofibers, tepdo the
increase of diameter of nanofibers. In such situatimelamine
assembly served as the cross-linkers to form fibetworks.
Since the interaction between melamine was notreag as that
between melamine and CA, the mechanical propergetsf with
excess amount of melamine decreased.
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Fig. 4. Possible molecular arrangements in self-assermaladfibers of
Nap-FFYGK-CA and in gels with different amountsnaélamine

In summary, we reported a supramolecular hydrogskeHd
detection system for melamine. Using this method|amine
could be directly visualized by naked eyes in makkd urine
without pre-extraction process and
instruments. Although the minimum detection concatdn
of melamine for our system is a little bit highbah the safety
limits (2.5 ppm in the USA and EU and 1ppm in Chinae
have provided a simple, real-time, and on-site wayetect
melamine at the concentrations of higher than 2@ ppfoods
and in biological samples. Our method is useful fboe
detection of high concentration of melamine in réenplaces
without instruments.
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