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Abstract
Here we report the first example of using β-galactosidase to trigger the formation of cell
compatible, supramolecular nanofibers, which ultimately may lead to a new approach for the
development of soft nanotechnology.

This article reports the use of β-galactosidase (β-gal) for triggering molecular self-assembly
in water to form ordered nanostructures and to result in a hydrogel as potential
nanobiomaterials. In the past two and half decades, nanotechnology has evolved into a
subfield of science. In the meantime, the nanometer sizes and surface characters shared
between the nanostructures in physical science and biological science have led to the
recognition that “future developments in nanoscience could provide the basis for artificial
life”1 because living cells consist of arrays of dynamically self-assembled nanostructures
(e.g., enzymes, receptors, microtubules, ribosomes, or molecular motors) for carrying out
metabolic processes, proliferation, differentiation, and other biological functions. These
conceptual advancements have resulted in the development of soft nanotechnology, the
branch of nanotechnology focuses on the synthesis, properties, and functions of organic
nanostructures for mimicking and interacting with naturally existing nanostructures.2 Based
on this notion, supramolecular hydrogels,3 consisting of water and self-assembled
nanofibers formed via supramolecular interactions, are becoming attractive candidates for
the development of soft nanotechnology. Supramolecular nanofibers/hydrogels have been
offering new scaffolds for regenerative medicine,4 dressings for wound healing,5 templates
for biomineralization,6 vehicles for controlled drug release,7 matrices for protein
microarrays,8 a low-cost platform for screening enzyme inhibitors,9 and components for
enzyme mimetics.10 Recently, the supramolecular hydrogel of lanreotide has received
regulatory approval as subcutaneous long-acting implants for acromegaly treatment, which
certainly underscores the potentials of supramolecular nanofibers /hydrogels in
biomedicine.11

Generally, the change of temperature, pH, or ionic strength can initiate molecular self-
assembly in water, thus resulting in hydrogelation. Although this method has led to the
formation of numerous nanofibers/hydrogels, it still has some inherent disadvantages. For
example, because it may cause irreversible damages to cells, the change of temperature, pH,
or ionic strength has limited use for self-assembly/hydrogelation in vivo. Because
supramolecular interaction and enzymatic reaction are ubiquitous in nature for the formation
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of cellular nanostructures via self-assembly,12 it is reasonable to use an enzyme to trigger
the molecular self-assembly for generating supramolecular nanofibers/hydrogels for
interacting and regulating biological systems.13 Using phosphatase,14 carboxylesterase,15 β-
lactamase,16 and matrix metalloprotease (MMP),17 we have demonstrated that enzymes can
trigger the formation of supramolecular nanofibers/hydrogels in vitro, in vivo, even inside
cells.14c, 15b These results not only validate the enzyme-based approach13a for soft
nanotechnology, but also encourage us to examine other important enzymes for generating
supramolecular nanofibers/hydrogels.

Catalyzing the hydrolysis of the glycosidic linkages in saccharides and glycoconjugates,
glycosidases are a class of enzymes fundamental to the existence of life as well as invaluable
drug targets.18 Among glycosidases, β-gal has received the most extensive study as a model
for enzymology and a useful tool for biomedical researches.19 Given the importance of β-
gal, we choose it to trigger molecular self-assembly and hydrogelation. Upon the treatment
of β-gal, the precursor 4 (i.e., a β-gal substrate) undergoes hydrolysis to form aglycone 5,
which self-assembles into supramolecular nanofibers and gels water. At the concentration of
1.0 mg/mL, 5 form mechanical stable hydrogel containing 3D nanofiber networks. In
addition, 4 shows little inhibition towards Escherichia coli (E. coli), with and without active
β-gal, suggesting that 4 is cell compatible. As the first example of using β-gal to trigger the
formation of supramolecular nanofibers/hydrogels, this work ultimately may lead to a new
approach that utilizes metabolic enzymes/processes for the development of soft
nanotechnology.

Scheme 1 shows the design of the precursor, which consists a galactose (in red color), as the
relatively hydrophilic segment, and 2-naphthylacetic acid-Phe-Phe (NapFF, in blue color),
as an effective self-assembly motif.20 To allow the cleavage of the precursor by β-gal at the
active site, we use 4-hydroxybenzoic acid19b (in purple color) to connect galactose and the
self-assembly motif via the four-carbon side chain of lysine (in blue color). A molecular
docking model based on the crystal structure of the complex of β-gal and galactose19c (Fig.
1) suggests the design of the precursor should permit expected hydrolysis to generate the
hydrogelator for self-assembly. Based on a procedure reported by Roy,21 phase-transfer
catalysis glycosylates 4-hydroxylbenzaldehyde to afford the aryl β-D-galactopyranoside (1)
using acetobromo-α-D-galactose, which undergoes a Kraus oxidation22 to 7-O-(β-D-
galactopyranosyl) benzoic acid (2) in a quantitative yield. N,N'-dicyclohexylcarbodiimide
(DCC) and N-hydroxysuccinimide (NHS) activate the carboxylic acid group of 2 to react
with the amine group on the side chain of lysine of NapFF-Lys (NapFFK).20b Finally,
Zemplén de-O-acylation gives 4 in a good yield (96 %).

After obtaining 4, we test its ability to form supramolecular nanofibers upon the catalysis of
β-gal. At the concentration of 1.0 mg/mL, 4 only forms a solution (Fig. 2A), and the
variation of pH of the solution from 5 to 11 causes no hydrolysis and leads to neither
hydrogelation nor the formation of the nanofibers. After the addition of 2.0 U β-gal (8 μL,
0.25 U/μL), 4 completely transforms to 5 in 20 hours according to LC-MS analysis, and the
solution turns into a transparent hydrogel (300 μL, 1.0 mg/mL) (Fig. 2B). Interestingly, at a
higher concentration (8.0 mg/mL), the solution of 4 becomes viscous in 4 hours after being
dissolved in water, and the solution finally turns into a translucent hydrogel after the pH of
the solution being increased to 11 (Fig. 2C), even without the addition of β-gal. The gel
remains stable after the pH is changed from 11 back to 7.5. This result suggests that the
addition of NaOH causes hydrogelation by changing ionic strength instead of pH. Not
surprisingly, the addition of β-gal to the fresh prepared or aged solution of 4 (pH = 7.5) at
8.0 mg/mL can easily induce hydrogelation.
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Rheology measurement also confirms that the solution of 4 at the concentration of 1.0 mg/
mL (Fig. 3) behaves as a liquid before the addition of β-gal. The solution turns to
mechanical stable gel after the addition of β-gal, evidenced by that the ratio of G' and G”
increases from almost 1 to 2.95 and the critical strain becomes 20% from almost
undetectable in the strain sweep. According to the frequency sweep, the formed gel shows a
little dependence to the frequency at low frequency range, which confirms the formation of
the hydrogel, albeit a relatively weak one.

The transmission electron microscopy (TEM) images of the hydrogels reveal that nanofibers
of 5 entangle into 3D networks (Fig. 4A). The diameter of the nanofibers is around 12 nm.
When the concentration of 5 is at the 0.5 mg/mL, which is half of the gelation concentration,
the nanofibers of 5 emerge to form the bundles with the narrowest width of 60 nm upon the
treatment of β-gal (Fig. 4B). Because the bundles do not interact to form networks, they fail
to result in a hydrogel. This result agrees with that a certain density of crosslinking is
necessary for hydrogelation.

After characterizing the nanofibers of 5, we test the biocompatibility of the nanofibers
towards E. coli. Because the Luria-Bertani (LB) media used to culture the bacteria contains
enough ionic strength (ca. 170 mM NaCl) to induce nanofiber formation of 4 at the high
concentration of 8.0 mg/mL, we use 4 at the concentration of 0.5 mg/mL for the in vitro
assay. We have demonstrated at this concentration that the molecular aggregation of 5 is
dependent on β-gal (see Fig. 4B), which is expressed in the bacteria. We use two strains of
E. coli, wild type MG1655 (lacZ+)23 and a lacZ− isogenic strain, in which the active site of
β-gal (E462, S463) has been deleted rendering it inactive. The activity of β-gal is confirmed
by the blue-white assay. We treat the two strains with 4 at concentrations of 0, 1, 100 and
500 μg/mL in the presence of 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), which
relieves transcriptional repression of lacZ by LacI. After an extensive treatment (ca. 20
hours), we serial dilute the cultures to 10−5 before plating on LB agar and LB agar
supplemented with 1 mM IPTG. We observe no difference in cell viability between the two
strains (Fig. 5), suggesting that 4 is not toxic to E. coli with active β-gal, at least at a
concentration of 0.5 mg/mL. Besides, we quantify the concentration of 4 and 5 in E. coli
after incubation with 4 at the concentration of 0.5 mg/mL by LC-MS. The concentration of 4
is almost identical inside and outside E. coli, suggesting 4 can cross the two membranes.
The concentration of 5 is 28% of that of 4 in the lacZ+ strain, but undetectable in the lacZ−

strain.

In conclusion, we have demonstrated that β-galactosidase is able to trigger the formation of
supramolecular nanofibers in water. Given the prevalence of the glycosidases in living
organisms, this work opens a new venue to generate nanostructures via the action of
enzymes. Despite the promises, several questions remain to be addressed in future study.
Because the glycosidase are indispensable metabolic enzymes to cell growth and
proliferation, how to utilize the distribution and expression level of these metabolic enzymes
to selectively trigger intercellular nanofiber formation at certain cells,13a especially cancer
cells with a fundamentally different metabolic profile,24 remains a challenge. Besides, the
solubility of the glycopeptide as the hydrogelator precursor remains to be improved to have
distinctive process of the formation of the nanofibers at high concentration. The future study
of trigger control by addition of β-gal alone under variable pH, temperature, and
concentration may provide useful insights for optimizing the β-gal instructed gelation at
high concentration and high ionic strength.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
The synthetic route for making the precursor 4 and the transformation from 4 to 5 by β-gal.
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Fig.1.
The binding of one subunit of β-galactosidase (in gray) to the precursor 4 based on the
crystal structure of β-gal.
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Fig.2.
The optical images of (A) the solution of 4 (1.0 mg/mL, 300 μL, pH = 7.5); (B) the gel of 5
(1.0 mg/mL, 300 μL, pH = 7.5) formed by the addition of β-gal (2.0 U) to the solution of 4;
and (C) the gel of 4 (8.0 mg/mL, 400 μL, pH = 11)
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Fig.3.
The (A) strain sweep and (B) frequency sweep of the solutions of 4 before and after adding
β-gal (2.0 U) at the concentration of 1.0 mg/mL.
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Fig.4.
The negative stain TEM images of (A) the nanofibers from gel of 5 at the concentration of
1.0 mg/mL and (B) the nanostructures in the solution of 5 at the concentration of 0.5 mg/
mL.
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Fig.5.
Treatment of isogenic MG1655 lacZ+ and lacZ− with 4. Strains were treated with 0, 1, 100,
and 500 μg/mL of 4 in the presence of 1 mM IPTG at 37 °C for ca. 20 hours. Cultures were
then serial diluted to 10−5 and plated from left to right on LB agar and LB agar with 1 mM
IPTG.
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