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Introduction
Driven by directional interparticle interactions, e.g., hydrophobic patchy, pi-pi, dipolar, and hydrogen bonding
interactions, certain small molecules self-assemble in aqueous solution to form nanofibers (or other
nanostructures) and consequently result in hydrogels.1-5 Because of their inherent advantages such as
biocompatibility, biodegradability, and morphological resemblance of extracellular matrix (ECM),
supramolecular nanofibers/hydrogels promise applications in cell culture, drug delivery, and tissue
engineering.6-13 Besides the successful incorporation of bioactive molecules in the hydrogelators which perform
ECM-like materials outside biological entities,6,14,15 it is also important to evaluate the distribution of the
nanofibers in the intracellular environment and to understand their interactions with cellular components.
Self-assembly of biomacromolecules into fibrillar nanostructures is a fundamental and ubiquitous process in
both prokaryotic and eukaryotic cells that is essential for their form and function. While the cytoskeletal
filaments (e.g., F-actin, lamin, or microtubules) are essential for cell mechanics,16 the self-assembly of aberrant
proteins into nanofibers is closely associated with neurodegenerative diseases, such as Alzheimer’s, Pick’s,
Parkinson’s or Huntington’s disease.17 Due to their importance in cell biology, intracellular protein filaments
(normal and abnormal) have attracted research interest on many levels (organismic to molecular). These
studies have provided valuable insights, such as the identification of an array of cytoskeleton-regulatory
proteins that are responsible for actin-based cellular phenomena,18 the elucidation of the non-covalent bonds for
interconnecting the fibers in intermediate filaments,19 and the intracellular protein-degradation pathway for
removing abnormal protein filaments.20 This knowledge not only contributes significantly to the understanding
of molecular mechanism of intracellular protein filament formation and function, but also lays the foundation
for the study of intracellular nanofibers self-assembled or polymerized from exogenous molecules, which is
scientifically intriguing and potentially significant, but has barely been explored.21,22
Despite the importance of fibrillar self-assembly in cell function and disease, our understanding of the
fundamental molecular factors that govern their geometry and stability remain poorly understood. For example,
it is not understood why most proteins form amyloid fibers under certain conditions and it is of course important
to know what conditions initiate this processes in the case of amyloid diseases so that more rational medical
treatments can be designed. In the present work, we investigate a synthetic gelator exhibiting physical
characteristics reminiscent of actin, intermediate fibers and other natural protein assemblies and this gelator has
the remarkable property of assembling within mammalian cells when introduced to the surrounding medium of
the cell. We take this system as a model for fibrillar assembly and study its stability and form both under in
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vitro and in vivo conditions by NMR, fluorescence microscopy, transmission electron microscopy (TEM) and
correlative light and electron microscopy (CLEM). The present study is a preliminary screening study whose
goal is to identify properties and methods suitable for characterizing these complex materials and to determine
basic parameters that can be used to control the stability and the existence of these structures.

Enzyme instructed self-assembly motif
Scheme 1. The structure of enzyme instructed self-assembly motif and corresponding fluorophore labeled
hydrogelators.
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ii) Phosphatase

To study supramolecular self-assembly inside living cells, an enzyme instructed strategy is highly desired not
only because enzymes are intrinsic components of living cells but also because enzymes are capable to catalyze
many chemical reactions in the biological milieu. Scheme 1 shows the structure of a designed molecule (1a)
which consists of a self-assembly motif and an enzyme (phosphatase) substrate (tyrosine phosphorous ester).
While the tetrapeptidic backbone provides the basis for intermolecular hydrogen bonding, the naphthyl group
and phenyl groups (on phenylalanine) favor intermolecular aromatic-aromatic interactions. After the
enzymatic reaction to remove the phosphorous group, these intermolecular interactions (e.g., hydrogen bonding
and hydrophobic interactions) usually facilitate the self-assembly of small molecules in aqueous solutions to
form molecular nanofibers.23 At adequate concentrations, the molecular nanofibers entangle in water and result
in a hydrogel.24 Thus, hydrogelation and/or the formation of nanofibers (or other ordered nanostructures)
became a convenient preliminary assay for indicating molecular self-assembly in water.25
Transmission electron microscopy (TEM) is a widely applied method to characterize the morphology of the
hydrogel (Fig. 1A). Before adding the phosphatase, 1a molecules hardly self-assemble at low concentration (3
mg/mL) but significantly aggregate as the concentration increases. However, this aggregation is fully thermal
reversible (Fig. 1B). For example, around half of 1a at 9 mg/mL self-assemble at 25 oC which leads to the
observed concentration of 4.7 mg/mL. When the temperature increases to 70 oC, the observed concentration
becomes 9 mg/mL indicating that 1a is fully dissolved. In contrast, after the addition of phosphatase, none of
the hydrogels shows temperature dependence, which implies that enzyme instructed hydrogels are stable in the
whole temperature range tested.
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Figure 1. (A) Molecular structure of the precursor 1a, and the corresponding hydrogelator 1b. (B)
Temperature dependence of the observed concentration of 1a/1b in solution measured by NMR (solid lines:
without phosphatase; dot lines: with phosphatase).

Figure 2. Dynamic light scattering of solutions of 1a at pH = 7 in water. (A) The angular-dependent scattering
intensity indicates the presence of supramolecular aggregates of 1a (c = 6 mg/mL). The autocorrelation decay
curves remain almost the same before (solid) and after (hollow) aging for 48 hours indicating that the
aggregates are stable in solution; (B) Scattering decay curves of a serial dilution of 1a from 6 mg/mL to 0.12
mg/mL. The signal gradually becomes noisy. The critical concentration for the formation of supramolecular
aggregates is between 0.6 mg/mL and 0.12 mg/mL.
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To determine the critical aggregation concentration (CAC) of 1a, we used dynamic light scattering (DLS).
Figure 2A shows that the DLS autocorrelation functions of 1a at 6 mg/mL remain unchanged between 2 hr and
48 hr, i.e., the assemblies are stable in solution. The decay curves in Fig. 2B become noisy between 0.6
mg/mL and 0.12 mg/mL, indicating that the critical aggregation concentration (CAC) is between 0.12 and 0.6
mg/mL (141 to 705 µM). After the addition of phosphatase into the solution of 1a, the dephosphorylated
molecule (1b, Fig 1A) becomes more hydrophobic that favors self-assembly. For example, at the
concentration of 6 mg/mL, there are large amounts of supramolecular assemblies of 1a, which likely
co-assemble with the newly formed molecules 1b and quickly generate long nanofibers that merely move in
solution.
Spatial distribution of fluorophore labeled hydrogelators
We investigated the spatial distribution of each kind of molecules in cellular environment by fluorescent
microscopy. We incubated HeLa cells with each precursor (2a-d) at the same concentration of 500 µM in PBS
buffer. The images show that the fluorescent molecules diffuse into the cells at different rates and at different
locations. For example, after adding 2a to the cells, we found that the fluorescence of 2a outside the cells
remains very weak during the 30 min experiment, which provides a clear background and enables the
visualization of the development of fluorescence inside live cells. After 30 min, all the cells glow brighter at
the center of cell bodies than around the outer membrane (Fig. 3A).
Unlike 2a, 2b is mainly localized in the cell membrane in a relatively homogeneous manner (Fig. 3B).
Comparing to 2a, the low background fluorescence outside the cells confirms that there is insignificant amount
of 2b outside the cells while the different spatial distribution indicates that the assemblies of 2b/3b mainly
reside near the cell membrane. Despite the existence of occasional fluorescent dots outside the cells (e.g., the
brightest spot in Fig. 3B, middle-right bottom), major portion of fluorophore self-assemble on the cell
membrane, which indicates that 2b likely enter the cells and get dephosphorylated to form 3b before
self-assemble. The distinguishable localizations of the assemblies of 3a and 3b reflect different self-assembly
propensities due to different fluorophores. The preference of 3b to the cell membrane likely originates from the
dansyl-lysine motif because dansyl-lysine exhibits significantly higher solubility in phospholipid membrane
than it does in water26 and the dansyl group is compatible with the head group of phosphatidylcholine.27
2c dissolved in PBS buffer results a highly viscous solution that contains significant amount of nanofibers.
Thus, the corresponding confocal image shows that 2c in PBS buffer forms large amount of fluorescent
assemblies only outside the cells (Fig. 3C). During the 30 min incubation, fluorescent assemblies distribute
heterogeneously outside the cells and barely change their location, suggesting that the HeLa cells are unable to
uptake nanofibers of 2c.
Although they are unable to form nanofibers and hydrogels, molecules 2d and 3d form disordered aggregates.
Since the monomers and the aggregates of 2d and 3d are highly fluorescent, the whole cell body
homogeneously exhibits fluorescence (Fig. 3D) after being incubated with 2d, though the solution of 2d outside
the cells exhibits significant background fluorescence. Since the molecular structures of 2a and 2d only differ
in the fluorescent groups and these two fluorescent groups exhibit little specific binding to cellular organelles,
the formation of different patterns likely originates from the difference between the self-assembly or
aggregation processes.
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Thus, the results of fluorescent imaging indicate that 2a, 2b, 2c, and 2d, though sharing the same self-assembly
motif and enzyme responsive residue (i.e., phosphotyrosine), have different propensity of self-assembly, which
directly affects the cell response and results in distinct spatial distributions when they interact with live cells.

Figure 3. Fluorescent confocal microscope images of the HeLa cells incubated with 500 µM of (A) 2a, (B) 2b,
(C) 2c, and (D) 2d in PBS buffer after 30 min incubation show the different spatial distribution of fluorescent
molecules in cellular environment. (each frame: 238 µm [238 µm).

Intracellular self-assembly originates from the endoplasmic reticulum (ER).
It is important to mention that the spatial profiles of the self- assembly of 3a are similar. The self-assembly of
3a mainly occurs at the ER.28 This presumption is consistent with cell fractionation experiments, which show
that the ER containing cell fractions triggers hydrogelation.29
We incubated the HeLa cells with 2a (500 µM) for 1 hour before subjecting the cells to fractionation. The TEM
images of the fractions N, M, and P of the treated cell show substantial amount of nanofibers, suggesting that
nanofibers form inside the cells (Fig. 4). Although the TEM of fraction N shows nanofibers of 3a, the image
in Figure 4 excludes the possibility that nanofibers of 3a exist in the nucleus. Since the formation of
nanofibers of 3a is protein tyrosine phosphatase (PTP1B)-dependent (vide infra) and there is no report of
PTP1B in the mitochondria of HeLa cells, it is unlikely that the nanofibers of 3a form inside the mitochondria.
Thus, the observation of the nanofibers in fractions N and M likely originates from the high molecular weight
of the nanofibers of 3a that makes them more sedimentable. Moreover, the observed nanofibers unlikely are
microtubules because no similar nanofibers are present in the control (i.e., HeLa cells without incubating with
2a). The ribosomal subunit (R) and the cytosol (C) do not contain nanofibers.
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Figure 4. TEM images of the cell fractions before and after enzyme-trigged formation of molecular nanofibers.
According to the standard protocol, HeLa cells were fractioned and divided into five parts, named N, M, P, R,
and C. The first row shows the typical morphology from each fraction of HeLa cells. The second row shows the
typical morphology from each fraction of HeLa cells, which were pre-incubated with 1a (500 µM) for 1 hour.
Scale bar: 100 nm.
Since PTP1B is a phosphatase known to localize at the cytoplasmic face of the ER,30 we used an inhibitor
PTP1B (CinnGEL 2Me, 25 µM) to co-incubate with the HeLa cells and the precursor (2a). We observed
delay of the fluorescence (Fig. 5). For example, at 7.5 min, there are no fluorescent cells when the PTP1B
inhibitor is present in the medium. After one-hour incubation, most of the cells are fluorescent without the
co-incubation of the PTP1B inhibitor, but only a few cells are fluorescent in the presence of the PTP1B
inhibitor. This result confirms that PTP1B is the major phosphatase that catalyzes the dephosphorylation of 2a
to result the formation of nanofibers from 3a in the ER. The rate difference for the in vivo experiment and the
in vitro (i.e., 31P-NMR) experiment may arise from the concentration and activity differences of the
phosphatases in vivo and in vitro. The activity of ALP (Biomatic Co., A1130) has an activity of 3,000 U/mg;
the PTP 1B is localized at ER and has an activity of 46,780 U/mg (soluble fractions) and 42,710 U/mg
(particulate fractions)31 (1 Unit = release of 1 nmol phosphate per minute). Since the activity of PTP1B is
about 15 times greater than that of ALP, it is reasonable to conclude that the dephosphorylation of 2a inside the
cells occurs one order of magnitude faster than in vitro.

Figure 5. Protein tyrosine phosphatase 1B (PTP1B) dependent self-assembly inside live cells. HeLa cells
treated with 500 µM of 2a without (A) or with (B) the PTP1B inhibitor (25 µM) (each frame: 750 µm x 750
µm).
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Probing non-fluorescent supramolecular self-assembly in living cells
There are several major limitations of fluorescence labeling such as toxicity or modification of macromolecular
interactions.32-38 To image the self-assembly of small molecules without fluorescence labeling (native form)
inside mammalian cells we developed a doping method.39-41 We found that using dansyl (DNS) labeled
molecules makes it possible to localize assemblies formed from non-fluorescent hydrogelator molecules and it
allows us to follow the progression of the enzyme assisted self-assembly process.
We used correlative light and electron microscopy (CLEM) to image HeLa cells treated with 1a and 2b. This
technique allows us to correlate the fluorescence signal of 1b/3b-molecular assemblies imaged in live cells just
before their rapid freezing in the EM sample preparation. The ultrastructural organization of the same cells
was imaged by TEM (Fig. 6). CLEM reveals a high accumulation of vesicles with low electron-dense material
in the cytoplasmic region that shows high fluorescence signal. Moreover, the CLEM experiment on a healthy
cell (which adheres and spreads on the grid) establishes the direct correlation between the fluorescent region
and the features observed in TEM, which excludes the possibility that the features in TEM arise from cellular
stresses that would affect the entire lumen. Although the filamentous assemblies and the bundles are observed
in the cytoplasm of the treated (and untreated) HeLa cells, the resolution of plastic section TEM is not sufficient
to unambiguously distinguish molecular assemblies from endogenous cytoskeletal intermediate or actin
filaments. Molecular assembly-specific electron-dense labels are not available. Therefore, further studies are
required for a detailed description of the micro-morphology of intracellular molecular assemblies to verify
whether the low electron density material in the vesicles is a hydrogel-forming network consisting of molecular
nanofibers.

Figure 6. Correlative Light and Electron Microscopy (CLEM) of HeLa cells incubated for 48 h with 500 µM of
1a and 200 nM of 2b. (A-C) DIC and fluorescence light microscopy images of treated HeLa cells growing on
Aclar plastic film; the low magnification DIC overview (A), the zoom-in DIC image (B) of one cell of interest
(red box in A) and the zoom-in fluorescence image (B) of the same cell were recorded only a few minutes
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before the sample was frozen; note that the Aclar film was marked with a pattern for tracking cells of interest
throughout the CLEM sample preparation. In (C) the highest intensity of fluorescence signal in the narrow
part of the cell indicates high abundance of hydrogelator in that region of the cell. (D) DIC light microscopy
image of the same cell shown in (B and C), but after high-pressure freezing, freeze-substitution and
resin-embedding; note that the Aclar pattern is still visible to guide trimming of the resin block before cutting
ultrathin plastic sections (70 nm thick) that can be inspected in the transmission electron microscope (TEM).
(E) Low magnification TEM image of the cell of interest shown in (B-D). (F) Higher magnification electron
micrograph of the neck-region (red box in E) of the same cell shown in (B-E); the narrow neck-region of the
cell corresponds to the area of highest fluorescence signal (in C); the image displays a large specimen area at
relatively high resolution, because it is a “montage image” that was stitched together from 220 individual, high
magnification image tiles. (G, H) High magnification electron micrographs of the (G) left boxed area and (H)
right boxed area in (F); note the presence of low electron-dense pools (black arrowheads), presumably
containing hydrogelator. Scale bars: 100 µm (A), 25 µm (B, C, D, E), and 5 µm (F), 250 nm (G, H).

Conclusions
In conclusion, molecular assemblies formed from small molecules exhibit significantly different behavior from
the individual molecules. The reported model system not only allows intracellular formation of nanostructures
via enzyme-instructed molecular self-assembly, but also offers a new way for elucidating and utilizing the
emerging properties of supramolecular assemblies of small molecules inside cells. For example, intracellular
formation of molecular assemblies could be used selectively inhibit the growth of cells that overexpress certain
enzymes.21, 22, 42 The further development of molecular self-assembly43-45 based approaches for understanding
and modulating fundamental cellular processes (e.g., proteostasis) and for exploring their potential applications
in biomedicine (e.g., intracellular drug delivery46), may ultimately lead to a new way to regulate cellular
functions. The small size of precursors and the simplicity of the enzyme-instructed self-assembly process
should also facilitate the delineation of the molecular details of molecular assemblies from the complex cellular
process.
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