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INTRODUCTION

Self-assembly of biomacromolecules into
fibrillar nanostructures is a fundamental pro-
cess in both prokaryotic and eukaryotic cells.
While the cytoskeletal filaments (e.g., F-actin,
lamin, or microtubules) are essential for cell
mechanics,1 the self-assembly of aberrant
proteins into nanofibers is closely associated
with neurodegenerative diseases, such as
Alzheimer's, Pick's, Parkinson's, or Hunting-
ton's disease.2 Due to their importance in
cell biology, intracellular protein filaments
(normal and abnormal) have attracted
intensive research activities on many levels
(organismic to molecular). These investiga-
tions have provided valuable insights, such as
the identification of an array of cytoskeleton-
regulatory proteins that are responsible
for actin-based cellular phenomena,3 the
elucidation of the noncovalent bonds for
interconnecting the fibers in intermediate
filaments,4 and the intracellular protein-
degradation pathway for removing abnor-
mal protein filaments.5 These advances not
only contribute significantly to the under-
standing of the molecular mechanism of

intracellular protein filament formation and
function but lay the foundation for the study
of intracellular nanofibers self-assembled
or polymerized from exogenous mole-
cules, which is scientifically intriguing and
potentially significant, but has barely been
explored.6,7

Small-molecular hydrogelators8,9 that
self-assemble in water to form molecular
nanofibers8,10 share common features, such
as amphiphilicity and the formation of
noncovalent bonds (e.g., hydrogen bonding,
hydrophobic interactions, and ionic forces),
with the proteins that form the intracellular
filaments. Besides being driven by noncova-
lent bonds to form ordered filamentous
assemblies, several features of the hydro-
gelators make them an attractive system
for exploring the properties of molecular
nanofibers in cells. First, noncovalent bonds
between the hydrogelator molecules pro-
mote the interactions among the molecular
nanofibers, resulting in their entanglement
and theentrapment ofwater in thenanoscale
interstices, a process that is called supra-
molecular hydrogelation.8 The macroscopic
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ABSTRACT Like cellular proteins that form fibrillar nanostructures, small

hydrogelator molecules self-assemble in water to generate molecular nanofibers.

In contrast to the well-defined (dys)functions of endogenous protein filaments, the

fate of intracellular assembly of small molecules remains largely unknown. Here

we demonstrate the imaging of enzyme-triggered self-assembly of nonfluorescent

small molecules by doping the molecular assemblies with a fluorescent hydro-

gelator. The cell fractionation experiments, fluorescent imaging, and electron

microscopy indicate that the hydrogelators self-assemble and localize to the endoplasmic reticulum (ER) and are likely processed via the cellular secretory

pathway (i.e., ER�Golgi�lysosomes/secretion). This work, as the first example of the use of correlative light and electron microscopy for probing the self-

assembly of nonfluorescent small molecules inside live mammalian cells, not only establishes a general strategy to provide the spatiotemporal profile of

the assemblies of small molecules inside cells but may lead to a new paradigm for regulating cellular functions based on the interactions between the

assemblies of small molecules (e.g., molecular nanofibers) and subcellular organelles.
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changes of hydrogelation, i.e., the stoppage of liquid
flow, can be easily detected by eye, and thus the
formation of a hydrogel serves as a simple assay for
rapid screening of a small molecule as a hydrogelator
for forming molecular nanofibers. Second, because of
their small size, hydrogelators (or their precursors)
easily enter cells via passive diffusion,11 which makes
it possible to use the cell machinery and fundamental
biological processes (e.g., enzyme catalysis) to regulate
intracellular self-assembly and the formation of molec-
ular nanofibers. Third, the molecular nanofibers of
hydrogelators may exhibit unexpected bioactivities,
for example, the self-assembling of small molecules
to form molecular nanofibers that promote activation
of procaspase-3,12 disrupt the elongation of micro-
tubules,13 and serve as a mimic of cytoskeleton in a
model protocell.14

Our previous study has demonstrated a successful
strategy to image real-time molecular self-assembly
inside live cells, which occurs in a short time (<1 h) on
the endoplasmic reticulum (ER) because the process
is predominantly initiated by protein-tyrosine phos-
phatase 1B (PTP1B) with high activity on the cytoplas-
mic face of the ER. Furthermore, we are able to identify
that the micromorphology of these intracellular mo-
lecular assemblies is nanofibers after cell fractiona-
tion.15 Nevertheless, there is a major limitation on the
requirement of fluorescence labeling. Actually, fluores-
cence labeling is the most common technique in the
biological analysis16�18 but has been found to raise
certain undesired issues, e.g., toxicity19 and alteration
ofmacromolecular interactions.20 Consequently, it usual-
ly requires an extensive study to confirm the innocence
of the attached fluorophores,21 or researchers may turn
to the label-free imaging technique based on the vibra-
tion spectrum of the target molecule, which requires
specialized equipment.22 However, it remains unknown
whether the supramolecular self-assembly will induce
notable molecular vibration shift for the stimulated
Raman scattering (SRS) microscopy to distinguish
molecular aggregates from their monomers.
Hence, in this work we manage to image the self-

assembly of small molecules without fluorescence
labeling (native form) inside mammalian cells with a
doping method23,24 after a longer incubation time
(2 days). That is, by incorporating dansyl (DNS)-labeled
molecules into the self-assembly of the nativemolecules,
we are able to determine the formation, localization, and
progression ofmolecular assemblies generated from the
nonfluorescent small molecular hydrogelators8,25 by an
enzyme-triggeredhydrogelationmechanism25�29 inside
live mammalian cells. We confirmed that, upon enzyme
catalysis, the precursors of the hydrogelators turn into
the corresponding hydrogelators and self-assemble into
molecular assemblies. We demonstrated that (i) the
precursors passively diffuse inside cells; (ii) themolecular
assemblies occur on ER because the cell fraction

containing ER triggers the most rapid sol�gel transfor-
mation in vitro; and (iii) correlative light and electron
microscopy (CLEM)30 further indicates that themolecular
assemblies localize near or inside the ER and are likely
processed via the cellular secretory pathway (e.g.,
ER�Golgi�lysosomes/secretion31) by cells, albeit less
efficiently. This work not only establishes a general
strategy to provide the spatiotemporal profile of molec-
ular assemblies inside cells but indicates that molecular
assemblies of small moleculesmay provide a newmodel
system tomimic and to understand the cellular mechan-
isms and processes related to endogenous-normal and
aberrant-protein nanofibers.

RESULTS AND DISCUSSIONS

Figure 1A shows the structures of the nonfluores-
cent precursor (1a) and its fluorescent analogue (2a)
with DNS labeling, as well as the corresponding depho-
sphorylated products (1b, 2b) catalyzed by a cellular
phosphatase. Critical components of these molecules
are a self-assembly motif32 and an enzyme-cleavable
group (here the phosphate ester on a tyrosine residue).
Upon catalytic dephosphorylation by an alkaline phos-
phatase (ALP), 1a converts to hydrogelator 1b, which
self-assembles in water to form molecular assemblies
(11 ( 2 nm in diameters), starting at the critical con-
centration of 235 μM (0.18 mg/mL) (Figure S1). At a
10-times higher concentration, molecular assemblies of
hydrogelator 1b entangle and generate self-supported
hydrogels (Figure 1B).33

In a recent in vitro study we already demonstrated
the hydrogelation and the formation of molecular
assemblies by self-assembly of the small molecule 1b
in water.33 However, here we explore the behavior of
this hydrogelator in a cellular environment, which is
highly crowded with a variety of cellular organelles
and a large amount of biomacromolecules. This high
degree of complexity presents a challenge for the
direct observation of themolecular assemblies in living
cells.34 While 1a conjugated with different fluoro-
phores has shown a drastically distinguishable spatio-
temporal distribution of molecular aggregates within
a cellular environment, the fluorophore-labeled mole-
cules still differ from the native molecules. Because
fluorescent microscopy is a highly sensitive technique,
we choose to dope a small amount of fluorescent 2b
into the nanofibers of 1b, which will allow the visuali-
zation of the assemblies of 1b under a fluorescent
microscope.
As shown in Figure 1C, being treated with ALP,

the precursor 2a (5.5 mM or 6 mg/mL) transforms into
the hydrogelator 2b, which also self-assembles in water
to generate a transparent, fluorescent hydrogel within
2 h. Similar to the enzymatically formed molecular
assemblies of 1b, the molecular assemblies of 2b are
11 ( 2 nm in diameter and several micrometers in
length (Figure 1BandC). Their structural similarity allows

A
RTIC

LE



GAO ET AL . VOL. 7 ’ NO. 10 ’ 9055–9063 ’ 2013

www.acsnano.org

9057

hydrogelators 1b and 2b to coassemble into the same
molecular assemblies (Figure S2). This property is useful
for cell imaging, because the ratio between the two
components can be tuned to optimize fluorescence
imaging conditions.
To study whether the nonfluorescent precursor

molecules enter and remain in living cells and then
transform into mature hydrogelators, we incubated
HeLa cells with 500 μM 1a for 2 days, washed extra-
cellular precursors away, lysed the cells, and then
determined the concentration of 1a and 1b by LC-MS
(Figure 2A, Figure S3A,B). We found that the average
concentration of1b insideHeLa cells is 0.26�0.94mg/mL
(0.34�1.23mM),which is above the critical concentration
of forming molecular assemblies determined by in vitro

tests. This result establishes both that intracellular phos-
phatases convert 1a to 1b and that the intracellular
accumulation of 1b is sufficiently high to drive intracellu-
larly the formation of molecular assemblies that may
result in hydrogelation inside HeLa cells.
We also incubated the HeLa cells with 1a (500 μM) at

4 or 37 �C for 20 h and determined the concentration
of 1a and 1b inside the cells (Table S1). As the result
shows in Figure 2A, at 4 �C, the concentrations of
1a and 1b are 1.49�5.37 mg/mL (1.75�6.29 mM)
and 0.99�3.55 mg/mL (1.28�4.57 mM), respectively.
In addition, 1b forms a hydrogel at 1.8 mg/mL
(2.35 mM) even if it is generated enzymatically at
4 �C (Figure S3C). At 37 �C, the concentration of 1b is
0.13�0.46 mg/mL (0.17�0.60 mM), while 1a is unde-
tectable, similar to the 48 h incubation at the same
temperature. These results have three major implica-
tions: first, the presence of 1a in addition to 1b inside

cells incubated at 4 �C suggests that the precursor of
1a enters the cells via energy-independent processes,
such as passive diffusion,35 but then its intracellular
conversion to mature hydrogelator 1b and self-assem-
bly tomolecular assemblies is incomplete, likely due to
greatly reduced enzyme activity at 4 �C. In contrast, at
37 �C virtually all intracellular 1a has been converted
into 1b after both 20 and 48 h. Second, despite
the slower 1a-to-1b conversion and the rate of self-
assembly inside the cells incubated at 4 �C, the total
concentration of 1b at 37 �C is considerably lower than
at 4 �C. Together with the observation of 1b in lyso-
somes and Golgi (vide infra), this result suggests that
the cells actively reduce the presence of intracellular
molecular assemblies in a process that is slowed at low
temperatures. Third, there is more 1b inside the cells
after 48 h of incubation than 20 h of incubation at
37 �C, confirming the accumulation of 1b over time
and implying an inefficient removal of the nanofibers
by the cells.
Our results show that the precursor molecules can

passively diffuse through themembranes, which should
also allow them to enter the membrane-enclosed orga-
nelles. To determine the distribution of phosphatases
in different cell compartments and to infer the possible
cellular location of the enzymatic dephosphorylation
of 1a and hydrogelation, we fractioned the cell compo-
nents using differential centrifugation.36 After lysing
HeLa cells by differential centrifugation, we obtained
five cell fractions: N (nuclei), M (mitochondria, lyso-
somes, and peroxisomes), P (plasma membrane, micro-
somal fraction (= fragments of endoplasmic reticulum,
golgi, and other vesicles), and large polyribsomes),

Figure 1. (A) Molecular structures of precursors 1a and 2a and their corresponding hydrogelators 1b and 2b, respectively.
(B andC) Illustrations showing the basic steps of enzyme-instructed self-assembly and formationofmolecular assemblies and
hydrogels: the precursor molecules 1a (B) and 2a (C) are converted to hydrogelators 1b (B) and 2b (C) by dephosphorylation
catalyzed by alkaline phosphatase (ALP); these hydrogelators self-assemble in water to form molecular assemblies that
generate hydrogels. Toward the right, optical images of hydrogels of the small molecules 1b (B) and 2b (C) (ALP-catalyzed
conversion of 1a (0.2 wt %, 2.35 mM) (B), ALP-catalyzed conversion of 2a (0.6 wt %, 5.5 mM) (C)). The zoom-in transmission
electronmicroscope (TEM) images on the very right shows the detailed structure of negatively stainedmolecular assemblies
of 1b (B) and 2b (C).
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R (ribosomal subunits and small polyribosomes), and C
(cytosol). After fractionation, 100 μL of each fraction is
mixed with 200 μL of 1a (final concentration in the
mixture is 6mg/mL) for estimating the time required for
hydrogelation by visual inspection. Fraction P induces
hydrogelation faster (<2 h) than fraction N or M does
(overnight), while fractions R and C fail to convert the
mixture into a self-supported hydrogel.15 Negative-
staining EM37 of the cell fractions alone (Figure 2B, top
row) and after 24 h incubation with 1a (Figure 2B,
bottom row) confirms the presence ofmolecular assem-
blies of 1b fibers only in latter samples. Although the
molecular assemblies in the samples with hydrogelator
exhibit identical morphologies (i.e., widths of 10 (
2 nm), the density and cross-linking of the molecular
assemblies is considerably higher in cell fractions P, N,
and M than in R and C (Figure 2B). Although we
observed cell fractions to cause the molecular self-
assembly previously, here we use rheometry to deter-
mine the gelation point more precisely for the compar-
ison of the capability of triggering hydrogelation by

each cell fraction. The storage modulus G0 and loss
modulus G00 measured in rheological tests confirm that
the cross-linking and the density of molecular assem-
blies are higher inside the samples treatedwith fractions
P, N, andM than those treated with R and C (Figure S4).
To quantify the rate of formation of the molecular
assemblies, we used oscillating rheometry to measure
the gelation point, i.e., the time point when G0 dom-
inatesG00,38 for1amixedwith the cell fractionsN,M, and
P. As shown in Figure 2C, the gelation points for the
mixtures are less than 60 s for fraction P (which is within
the sample mixing and loading time), 1560 s for N, and
260 s for M. The highest rate of formation of molecular
assemblies and hydrogelation in the sample with cell
fraction P indicates that a large amount of intracellular
molecular assemblies should associate with the cellular
components of theP fraction.We also examined the cell
fractions by TEM after incubating the HeLa cells with the
precursor (1a). We found cell fractionsM and P contain-
ing nanofibers (with a width of 10 ( 2 nm), which are
absent in fractions M and P of untreated HeLa cells

Figure 2. (A) The average intracellular concentrations of precursor 1a and hydrogelator 1b were determined by LC-MS after
incubatingHeLa cells with precursor 1a at a concentration of 500 μMand temperatures of 4 or 37 �Cup to 2 days. (*These cells
were co-incubated with additional 2a at the concentration of 200 nM.) (B) Typical TEM images showing the morphology of
each cell fraction itself and with the addition of 1a at the concentration of 6 mg/mL after 24 h (for N, M, and P) and 48 h (for R
and C). Scale bar: 500 nm for cell fraction N (no 1a) and 50 nm for the rest. (C) Storage/loss modulus measurement at a time
mode by oscillatory rheometry showing the gelation points of themixture of each cell fractionwith 1a at a concentration of 6
mg/mL; (Inset) Enlarged area boxed by the blue lines in (C).
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(Figure S5). This result supports the formation of molec-
ular assemblies inside the cells. The appearance of the
nanofibers in fraction M likely arises from the high
molecular weight of the nanofiber network to allow
them to be more sedimentable.
For the study of the localization of molecular assem-

blies inside HeLa cells by fluorescent microscopy, we
incubated HeLa cells with a mixture of the fluorescent
precursor 2a, at low enough concentration with re-
spect to image quality (photon saturation issue)
and cytotoxicity, and the nonfluorescent precursor
1a, at high enough concentration to induce self-
assembly for generating 1b/2b molecular assemblies.

Hydrogelators 1b and 2b share the same self-assembly
motif, which allows the mixture of 1b and 2b to form
molecular assemblies at the critical concentration of 1b
(235 μM, Figure S1). Thismethod provides a simpleway
to permit using fluorescence imaging to determine
subcellular localization of the molecular assemblies
inside cells (Figure 3).
After incubating the HeLa cells with precursor 2a

alone at a subcritical concentration (200 nM) for 48 h or
above the critical concentration with 1a (500 μM) and
2a (200 nM) together, the cells were washed by an
additional incubation (24 h) in precursor-free culture
medium to remove any extracellular 2a and to reduce

Figure 3. Illustrations (A, B) and fluorescence images (C, D) of two experiments that use a precursormixture of 1aþ2a (B, D) or
only 2a (A, C). HeLa cells incubated with precursor 2a alone at 200 nM, which allows fluorescence imaging, but is lower than
the critical concentration for filament self-assembly, show weak diffuse fluorescence throughout the cytosol (C), indicating
the lack of formation of themolecular assemblies (A). IncubatingHeLa cells with a precursormixture of 200 nM2a and 500 μM
1a results in intensified fluorescence localized to spots close to the nucleus (D), indicating the formation of 1b/2b molecular
assemblies (B). Scale bars: 15 μm (SA = self-assembly, PP = protein phosphatase). (E) Confocal images of HeLa cells incubated
under the same conditions as shown in (B) and stained with ER-Tracker. Scale bars: 50 μm (top row); 20 μm (bottom row).
Confocal images of the HeLa cells incubated by (F) sequence I or (G) sequence II (see text for details). Scale bars: 25 μm.

A
RTIC

LE



GAO ET AL . VOL. 7 ’ NO. 10 ’ 9055–9063 ’ 2013

www.acsnano.org

9060

the background. Confocal imaging of these HeLa cells
(Figure 3C andD, Figure S6A,B) reveals several features:
(i) the nucleus and the cell surface show little fluores-
cence (further confirmed in Figure S7A), suggesting
that the fluorescent molecules (2a, 2b, and 1b/2b
molecular assemblies) neither attach to the cell surface
nor enter the nucleus. (ii) At subcritical concentration
of the precursor 2a (200 nM), 2b distributes almost
uniformly in the cytosol (Figure 3C), indicating little
specific binding between individual molecules of 2b
and specific cellular organelles. (iii) Above the critical
concentration of 1a (500 μM) mixed with 2a (200 nM),
the fluorescence is more concentrated, especially in
spots that localize near the nucleus, suggesting that
the 1b/2b molecular assemblies localize at the region
of the endoplasmic reticulum (further confirmed in
Figure 3E) and/or Golgi.
We used ER-Tracker Red dye to stain the cells after

the above-described incubation with 1a and 2a to
confirm co-localization of the 1b/2bmolecular assem-
blies with the ER region. Figure 3E shows that the blue
fluorescence from the dansyl group overlaps comple-
tely with the red fluorescence from the ER-Tracker,
confirming that the molecular assemblies made of 1b
and 2b localize to the ER. In contrast, there is little
overlap between the signal of 1b/2bmolecular assem-
blies and the orange fluorescence of the nucleic
acid stain, SYTO 85 (Figure S7 A), confirming that the
molecular assemblies are unlikely to localize in the
nuclei or mitochondria. We also used Golgi tracker
(BODIPY TR C5-ceramide complexed to BSA) and Lyso-
Tracker Red DND-99 to stain Golgi and lysosomes and
found that the fluorescence of molecular assemblies
partially overlaps with both organelles (Figure S7B,C),
suggesting that cells likely process the molecular
assemblies via the secretion pathway (ER�Golgi�
lysosomes/secretion).
To confirm both that 1b and 2b coassemble into

1b/2bmolecular assemblies and that 2b integrates into
preassembled 1b molecular assemblies inside the cells,
we changed the order of the addition of1a and2a to the
HeLa cells. Sequence I is to add 2a (200 nM) at day 1,
wash with the buffer solution at day 2, and add 1a (500
μM) atday3; in contrast, sequence II is to add1a (500μM)
at day 1, add 2a (200 nM) at day 2, and wash with
the buffer at day 3. As shown in Figure 3, the localization
of 2b to the ER region occurs with both sequence I
(Figure 3F) and sequence II (Figure3G). Bothexperiments
result in similar images to that shown in Figure 3D,
indicating that the intracellular molecular assemblies
recruit other small molecules with the same self-assem-
bly motif for the integration into the nanofibers. Addi-
tionally, the cell viability assays indicate little cytotoxicity
of 1a and 2a at concentrations lower than 500 μM33 and
200 μM (data not shown here), respectively. Therefore,
the localization of the molecular assemblies is unlikely a
result of the cells undergoing cell death.

We also used transmission electron microscopy
(TEM) of high-pressure frozen/freeze-substituted HeLa
cells to study the effects of the molecular assemblies
on the cellular ultrastructure. The structural compar-
ison of the untreated HeLa cells (as the control,
Figure 4A) with the HeLa cells treated with 500 μM
precursor 1a reveals several modifications and a few
new structural features (Figure 4B). At a higher magni-
fication, Figure 4D and F show two types ofmembrane-
bound compartments: the large pools of the materials
with low electron density and the smaller vesicles
with highly electron-dense substances. While the light
compartments could be the large vesicles derived
from the ER that include the accumulated hydrogela-
tors, the darker granules could be the lysosomes with
the molecular assemblies that appear to undergo
degradation (evidenced by the observation of the
fragment of 1a in LC-MS analysis (Figure S3A,B).
This result suggests that the HeLa cells likely treat
the molecular assemblies of 1a as proteins targeted
for degradation. To verify if the membrane-bound
compartments associate with autophagy, we incu-
bated the HeLa cells with 1a and rapamycin, an
antibiotic that induces autophagy, to reduce the toxi-
city of abberant proteins.39 We found that rapamycin
hardly decreased the cytotoxicity of 1a, which sug-
gested that the degradation of 1a or 1b via autophagy
is unlikely.

Figure 4. TEM images of the high-pressure frozen/
freeze-substituted and plastic-sectioned HeLa cells that
were either untreated (A) or incubated with 500 μM pre-
cursor 1a (B). Note the pools of low electron-dense (black
arrowheads) and electron-dense material (white arrow-
heads) in the treated cells. (C�F) The same as in the top
row, but the ultrastructure is shown at higher magnifica-
tion. N, nucleus; M, mitochondria; G, golgi stack. Scale bars:
2 μm (top), 500 nm (C�F).
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To demonstrate that the observed ultrastructural
changes of the treated cells (Figure 4) are directly
connected to the self-assembly of the molecular as-
semblies of 1b, we used CLEM to image the HeLa cells
treated with 1a and 2a. This allows us to correlate the
fluorescence signal of 1b/2b molecular assemblies
imaged in live cells just before their rapid freezing for
the EM sample preparation. The ultrastructural organi-
zation of the same cells was imaged by TEM (Figure 5).
CLEM reveals a high accumulation of vesicles with low
electron-dense material in the cytoplasmic region that
also shows high fluorescence signal. Moreover, the

CLEM experiment on a healthy cell (which adheres
and spreads on the grid) establishes the direct correla-
tion 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 filamen-
tous assemblies and the bundles are observed in the
cytoplasm of the treated (and untreated) HeLa cells,
the resolution of the plastic section TEM is not suffi-
cient to unambiguously distinguish molecular assem-
blies 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 of molecular
nanofibers (Figure S8A). A modified method for EM
sample preparation may be desired since the solvent
displacement during EM sample preparation here
could somehow blur the nanostructure of molecular
assemblies, which makes the fine structure indistin-
guishable (Figure S8B).
Several facts help exclude the possibility that cellular

segregation alone results in the agglomeration in the
cells. First, the CLEM study reveals not only that the
fluorescent molecular agglomerations are adjacent to
each other but also that the fluorescent area super-
imposes with the molecular agglomeration shown in
TEM. Second, if the agglomeration is induced by
cellular segregation, these resulting vesicles should
widely spread within the cytoplasm. But they localize
in a confined area to indicate that the agglomera-
tion is unlikely induced by cellular segregation. Third,
we designed and synthesized a third molecule, 3a
(Figure S9), which has a very similar structure to 1a
and 2a. Specifically, 3a consists of a rhodamine group
via the ε-lysine linkage. In a gelation test, we find that
the solution of 3a fails to form a hydrogel after depho-
sphorylation (Figure S10), indicating that 3a is unable
to form nanofibers before and after dephosphoryla-
tion. When we incubate HeLa cells with 3a at a con-
centration of 500 μM, the cells are homogeneously
shown in red instead of producing any agglomeration
within the cytoplasm (Figure S11). This result further
supports that enzyme-instructed self-assembly results
in the localization of the agglomeration of the hydro-
gelator of 1b.

CONCLUSIONS

In conclusion, the molecular assemblies of self-
assembled smallmolecules behave drastically different
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

Figure 5. Correlative light and electron microscopy (CLEM)
of HeLa cells incubated for 48 h with 500 μM 1a and 200 nM
2a. (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 before the sample was high-pressure frozen;
note that the Aclar film was marked with a pattern for
tracking cells of interest throughout the CLEM sample
preparation. In (C) note the highest intensity offluorescence
signal in the narrow part of the cell, indicating a high
abundance of hydrogelator in that region of the cell. (D)
DIC light microscopy image of the same cell of interest
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 micro-
scope. (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 corre-
sponds 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 electronmicrographs
of the (G) blue boxed area and (H) the red 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), 5 μm (F), and 250 nm
(G, H).
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assemblies of smallmolecules inside cells. For example,
intracellular formation of molecular assemblies could
be used selectively to inhibit the growth of cells
that overexpress certain enzymes.6,7,40 The further
development of molecular self-assembly-based41�43

approaches for understanding and modulating funda-
mental cellular process (e.g., proteostasis44) and for

exploring its potential applications in biomedicine
(e.g., intracellular drug delivery45) may ultimately lead
to a new way to regulate cellular functions. The small
size of the precursors and the simplicity of the enzyme-
instructed self-assembly process should also facilitate
the delineation of the molecular details of the molec-
ular assemblies from the complex cellular process.

MATERIALS AND METHODS
A. Materials. Alkaline phosphatase (ALP) was purchased from

Biomatik USA, LLC, dansyl chloride (DNS-Cl) was from Sigma-
Aldrich, 2-naphthylacetic acid and N-hydroxysuccinimide were
from Alfa Aesar, N,N0-dicyclohexylcarbodimide was from Acros
Organics USA, all amino acid derivatives were from GL Biochem
(Shanghai) Ltd., and ER-Tracker Red (glibenclamide BODIPY TR)
and SYTO 85 orange fluorescent nucleic acid stain were from
Invitrogen and used according to the protocols.

B. Instruments. Fluorescence spectra were obtained on a
Shimadzu RF-5301-PC fluorescence spectrophotometer; LC-MS
on a Waters Acquity Ultra Performance LC with a Waters Micro-
mass detector and rheological tests on ARES-G2 rheometer.
Electronmicroscopy was performed on a FEI Morgagni 268 TEM
with a 1k CCD camera (GATAN, Inc., Pleasanton, CA, USA) or a
300 keV Tecnai F30 intermediate voltage TEM (FEI, Inc., Hillsboro,
OR, USA) with a 4k CCD camera (GATAN). Confocal images were
obtained with a Leica TCS SP2 spectral confocal microscope. The
MTT assay for cell toxicity testing was performed on a DTX880
multimode detector.

C. General Methods. Briefly, the in vitro hydrogelation test was
monitored with the addition of ALP into each hydrogelator
precursor solution. The resulting fibril structures were identified
by TEM with a general negative staining method. The concen-
trations of each compound inside the cells were determined
according to the integration of the corresponding peak from
the LC-MS trace of the lysate of cells incubated at various
conditions. For all confocal images, the cells were seeded on a
Lab-Tek II chambered coverglass and treated with conditions as
described in the main text.

D. Cell Fragmentation (ref 27). 600g, 10 min: pellet sample N
(nuclei); 15000g 5 min: pellet sample M (mitochondria, lyso-
somes, peroxisomes); 100000g, 60 min: pellet sample P (plasma
membrane, microsomal fraction (fragments of endoplasmic
reticulum), large polyribsomes); 300000g, 120 min: pellet sample
R (ribosomal subunits, small polyribosomes); supernatant sample
C: soluble portion of cytoplasm (cytosol).

Pellets N, M, P, and R were all redispersed in 200 μL of PBS
for further testing.

E. Sample Preparation and Electron Microscopy of Cells. Aclar discs
with a 1.5 mm diameter were punched out of Aclar film
(EMS, #50426-10; Fort Washington, PA, USA) and mounted
on a Lab-Tek II chambered coverglass (#155379 Nalge Nunc
International). HeLa cells were then seeded on the cover-
glass including the Aclar discs and grown to less than conflu-
ent density in minimum essential medium and 10% FBS
(Invitrogen). Cells treatedwith the hydrogelator were incubated
with the precursor for 48 h before light microscopy and EM
preparation. Cells were imaged by phase contrast and/or
fluorescent light microscopy using an inverted Leica SP2 con-
focal laser scanning microscope. After light microscopic ima-
ging, the Aclar discs with the cells were transferred into half of
an aluminumplanchette (Wohlwend, Switzerland) coveredwith
a drop ofmediumcontaining 150mMsucrose as cryoprotectant
for high-pressure freezing, and the second half of the planch-
ette was added to enclose the cells in a cavity with a 0.1 mm
height. The samples were rapidly frozen using a Leica HPM-100
high-pressure freezer (Leica Microsystem, Vienna, Austria).
The frozen cells were freeze-substituted at low temperatures
over 3 days in a solution containing 1% osmium tetroxide
(EMS), 0.5% anhydrous glutaraldehyde (EMS), and 2% water in

anhydrous acetone (AC32680-0010 Fisher Scientific) using a
Leica AFS-2 device. After the temperature was raised to 4 �C
the cells were infiltrated and embedded in EMbed 812-Resin
(EMS). Ultrathin sections (∼70 nm) were collected on slot grids
covered with Formvar support film and poststained with uranyl
acetate (supersaturated solution) and 0.2% lead citrate, before
being inspected using a FEI Morgagni 268 TEM with a 1k CCD
camera (GATAN) or a 300 keV Tecnai F30 intermediate voltage
TEM (FEI) with a 4k CCD camera (GATAN). For large overviews of
the cells at medium magnification we acquired montages of
overlapping images in an automated fashion using the micro-
scope control software SerialEM.46

For CLEM, we grew cells on Aclar discs that were marked
with a pattern that allowed tracking of cells of interest through-
out the light microscopy and EM sample preparation. After
locating cells of interest, e.g., those containing fluorescently
labeled hydrogelator, by lightmicroscopy, the cells were rapidly
frozen, fixed, and resin-embedded as described above. For TEM
analysis, the block was trimmed, guided by the pattern on
the Aclar disc, so that only the quadrant containing the cells of
interest remained for ultrathin sectioning. After poststaining of
the sections, we recorded overview maps of the sections at low
magnification in the TEM to localize again the cell(s) of interest,
before recording images at higher magnification for the ultra-
structural investigation.
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