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Abstract

Self-assembly of small molecules, as a more common phenomenon than one previously thought,

can be either beneficial or detrimental to cells. Despite its profound biological implications, how

the self-assembly of small molecules behave in cellular environment is largely unknown and

barely explored. This work studies four fluorescent molecules that consist of the same peptidic

backbone (e.g., Phe-Phe-Lys) and enzyme trigger (e.g., a phosphotyrosine residue), but bear

different fluorophores on the side chain of the lysine residue of the peptidic motif. These

molecules, however, exhibit different ability of self-assembly before and after enzymatic

transformation (e.g., dephosphorylation). Fluorescent imaging reveals that self-assembly directly

affects the distribution of these small molecules in cellular environment. Moreover, cell viability

tests suggest that the states and the location of the molecular assemblies in the cellular

environment control the phenotypes of the cells. For example, the molecular nanofibers of one of

the small molecules apparently stabilize actin filaments and alleviate the insult of an F-actin toxin

(e.g., latrunculin A). Combining fluorescent imaging and enzyme-instructed self-assembly of

small peptidic molecules, this work not only demonstrates that self-assembly as a key factor for

dictating the spatial distribution of small molecules in cellular environment. In addition, it

illustrates a useful approach, based on enzyme-instructed self-assembly of small molecules, to

modulate spatiotemporal profiles of small molecules in cellular environment, which allows the use

of the emergent properties of small molecules to control the fate of cells.
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INTRODUCTION

This article reports the imaging of spatiotemporal distribution of four different fluorescent

small molecules in cellular environment and illustrates molecular self-assembly for

governing the distribution of small molecules to control cell behaviors. As a ubiquitous

process in nature, endogenous protein monomers self-organize to form certain structures

(e.g., filaments of actin, vinculin, and tubulin)1 in the cellular environment, which are

indispensable for normal cellular functions (e.g., cell migration, mitosis, and mass

transportation). More importantly, cellular functions rely on the kinetics of assembly,

disassembly, and reorganization of protein monomers/filaments instead of a static state.

Regulated by relevant enzymes and co-factors, these highly dynamic behaviors of protein

assemblies not only lead to varied spatiotemporal profiles of proteins,2 but also highlight the

unique emergent properties of molecular assemblies or aggregates. For example, the

functions of tubulin filaments (e.g., as part of the machinery of mitosis) drastic differ from

the functions of a single tubulin (e.g., as a GTPase).3 Like proteins, small molecules also

self-assemble to form supramolecular structures that are capable to modulate cell

differentiation,4 to maintain cell growth,5-6 or to induce cell death.7-9 Moreover, the

investigation of the false positives from high throughput drug screening confirms that the

aggregates of small molecules are able to sequester enzymes, unfold proteins, and interact

with cell surface receptors.10-11 Despite these intriguing results, it remains largely unknown

that how the assemblies (or aggregates) of small molecules behave in cellular environments

to affect cells. Therefore, it is necessary and useful to develop a facile and reliable method

for evaluating the spatiotemporal profiles of the self-assembly (or aggregates) of small

molecules in cellular environment.

The rapid development of molecular imaging at the end of last century has tremendously

advanced the understanding of the distribution of proteins in cellular environment. Coupling

with the development of fluorescence microscopy,12-13 the discovery and exploration of

green fluorescence protein (GFP) has brought a groundbreaking methodology that are

revolutionizing cell biology since it permits tracking the proteins of interest in living

organisms.14 Proper gene fusion allows the protein of interest to be GFP-tagged, which is

readily visualized under a fluorescent microscope over time to reveal the spatiotemporal

profiles of the proteins of interest.15 While fluorescent protein tag is a mature methodology

that helps elucidate the functions of a wide range of proteins16-17 or some glycoproteins in

various sophisticated biological processes, small molecular fluorescent probes are just

beginning to be used for assaying the self-assembly of small molecules in cellular

environment. For example, Rao and coworkers have demonstrated a furin catalyzed

chemical condensation to form oligomers for imaging the protease activity in a single living

cell.18 Although the cell-compatible furin substrate condenses to form oligomer upon

enzymatic activation, the covalent oligomerization is irreversible and hardly addresses the

behaviors of the assemblies of small molecules formed via supramolecular interactions.

Based on our exploration of enzyme-instructed self-assembly of small molecules,19-22 we

have demonstrated the first example of imaging enzyme-triggered self-assembly of small

molecules inside live cells.23 In that study, we incorporate a fluorophore,

nitrobenzoxadiazole (NBD)24 into a precursor (e.g., 2a), which forms a hydrogelator (3a)

upon the action of an enzyme (e.g., phosphatases) (Figure 1). While the monomeric

precursor (2a) fluoresces weakly, the assemblies of the hydrogelators (3a) give high

fluorescent contrast against the background. This unique feature allows us to establish that a

highly active phosphatase, PTP1B, located at the outer membrane of endoplasmic reticulum

(ER), catalyzes the formation of molecular assemblies (as nanofibers) via the self-assembly

of the hydrogelators when the PTP1B, intracellularly, converts the precursors to the

hydrogelators.23, 25
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The successful imaging of the fluorescent molecular nanofibers formed by the self-assembly

of small molecules in live cells encouraged us, in this work, to use other fluorophores to

evaluate the self-assembly of small molecules in cell environment. As shown in Scheme 1,

we replace NBD on 2a with three commonly used fluorophores (i.e., dansyl (DNS),26 4-

(N,N-dimethylsulfamoyl)-2,1,3-benzoxadiazole (DBD),27 and rhodamine28) and obtain the

analogues of 2a (i.e., 2b, 2c, and 2d). Despite they all contain the same peptidic backbone

(i.e., Phe-Phe-Lys) and a tyrosine phosphate residue, the resulting molecules (2b, 2c, and

2d) exhibit drastically different states of self-assembly (or aggregation) even before the

action of alkaline phosphatase in vitro, according to several complementary methods, such

as TEM, light scattering, and isothermal titration (ITC), for characterizing molecular self-

assembly or aggregation. The self-assemblies of these molecules differ and thus result in the

distinct spatial distribution of their assemblies when they incubate with cells (Figure 1).

Unexpectedly, the intracellular molecular nanofibers of the small molecules (3a) are able to

curtail the effect of an F-actin toxin (i.e., latrunculin A) and maintain the adhesion of cells to

the surface of culture dish. 3b mainly localizes in the cell membrane, resulting in

considerable cytotoxicity. 2c and 3c hardly accumulate intracellularly and exhibit little

effect on cell adhesion. The aggregates of 2d and 3d homogeneously distribute outside and

inside cells, without noticeable localization, and exhibit the conventional dosage dependent

cytotoxicity.29 These results, undoubtedly, confirm that the assemblies of small molecules

control cell fate. This work also illustrates a useful enzyme-based approach to modulate

spatiotemporal profiles of small molecules in cellular environment, a, possibly profound,

phenomenon that promises wide range of applications in bio-medicine.

RESULTS AND DISCUSSION

Synthesis

As described in Scheme 1, the synthesis of the fluorescent small molecules starts from the

preparation of the common peptidic motif (1) via Fmoc-based solid phase peptide synthesis

(SPPS). Being cleaved off from resin by TFA (with 1% of water), 1 precipitates out of

anhydrous diethyl ether as light yellow solid at 0 °C, followed by the purification with semi-

preparative HPLC. Under the specific conditions listed in Scheme 1, 1 reacts with the

corresponding amine-reactive fluorogenic molecules (NBD-Cl, DNS-Cl, DBD-F, and NHS-

rhodamine) to form the precursors 2a, 2b, 2c, and 2d, in 67%, 87%, 81%, and 60% isolated

yields, respectively. All the resulting molecules (2a-2d) are also purified by HPLC.

Hydrogelation and fluorescence

While the tetrapeptidic backbone provides the basis for intermolecular hydrogen bonding,

the naphthyl group and phenyl groups (on phenylalanine) favor intermolecular aromatic-

aromatic interactions. These intermolecular interactions (e.g., hydrogen bonding and

hydrophobic interactions) usually facilitate the self-assembly of the small molecules in water

to form molecular nanofibers.30-33 At adequate concentrations, the molecular nanofibers

entangle in water to result in a hydrogel.34-35 Thus, hydrogelation and/or the formation of

nanofibers (or other ordered nanostructures) become a convenient preliminary assay for

indicating the molecular self-assembly in water.22, 35 Since a phosphate group on the

tyrosine residue usually increases the solubility of a peptide, we expect that precursors 2b,

2c, and 2d, like 2a, will dissolve in water and act as substrates for alkaline phosphatase

(ALP). In an ideal case, ALP catalyzes the dephosphorylation of the precursors to produce

the corresponding hydrogelators for self-assembly in water. So, we examine the enzymatic

hydrogelation of 2a-d as the initial test for evaluating the ability of 3a-d to self-assemble in

water. The following sections discuss each pair of precursor/hydrogelator in more details,

particularly on the states of their assemblies (i.e., as monomers, ordered aggregates (e.g.,
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nanofibers), or disordered aggregates (e.g., precipitates)) before and after the enzymatic

dephosphorylation.

The enzymatic conversion of 2a to 3a

We have reported part of the properties of 2a/3a.23 In brief, 2a dissolves well in water to

form a solution, and 3a is prone to form supramolecular nanofibers/hydrogels. As

monomers, 2a exhibits weak fluorescence. After complete dephosphorylation of 2a, the

product, 3a, forms a hydrogel when its concentration exceeds the critical gelation

concentration (CGC) (0.2 wt%, Figure S1). The resulting hydrogel of 3a (Figure 2A, inset),

exhibiting higher fluorescence than the solution of 2a, consists of a large amount of

nanofibers that have quite uniform diameters (10±2 nm) and entangle with each other to

form a network (Figure 2A).

The enzymatic conversion of 2b to 3b

Similar to 2a, 2b dissolves in water to form a clear solution at pH 7.4 and the concentration

of 0.6 wt%. The solution gives a green-yellow fluorescence. After the addition of ALP, the

solution becomes a self-supported hydrogel of 3b, which gives a green fluorescence (Figure

2B, inset). This blue shift, from the emission of the solution of 2b at 562 nm to that of the

hydrogel of 3b at 545 nm (Figure 3A), indicates the change of the microenvironment of the

fluorophore (i.e., the DNS groups are in hydrophobic environment inside the supramolecular

nanofibers) and agrees with the sol-gel transition. TEM confirms that numerous nanofibers

at a width around 11±2 nm in the hydrogel of 3b (Figure 2B). Being different from 2a/3a,

both 2b and 3b fluoresce strongly.

The enzymatic conversion of 2cto 3c

Unlike 2a and 2b, 2c appears to self-assemble significantly in the solution (at pH 7.4, 0.6 wt

%). The solution gradually becomes a highly viscous liquid within 4 hours (Figure S2, inset)

of the dissolution of 2c. TEM (Figure S2) reveals scattered nanofibers of 2c (9±3 nm) in the

liquid, indicating the self-assembly of 2c before the addition of ALP. However, being

treated with ALP, the viscous liquid fails to form a self-supported hydrogel (Figure S3B)

because the nanofibers of 2c likely impede the conversion of 2c to 3c (determined by HPLC,

Figure S3A). To examine the enzymatic dephosphorylation of the assemblies of 2c, we

monitor the conversion from 2c to 3c by analytical reverse phase high pressure liquid

chromatography (RP-HPLC). After adding the ALP into the viscous solution (Figure S3A)

of 2c (0.6 wt% in concentration), we find, at room temperature, 7.0% of 2c being converted

to 3c (calculated by UV absorbance at 430 nm, a characteristic UV absorbance peak of DBD

residue) three hours after adding ALP. Raising the temperature to 37 °C and stirring the

reaction mixture (Figure S3A), we obtain the final yield of 3c to be about 30% after 24

hours. The incomplete conversion of 2c results a mixture of 2c and 3c, which fails to form a

stable gel (Figure S3B). Despite that there is a “burst” conversion of 2c to 3c after changing

conditions (e.g., raising temperature or starting stirring) each time, the conversion quickly

slows down (Figure S3). Since changing the conditions disfavor the self-assembly of 2c,

these results confirm that the formation of the nanofibers of 2c or the nanofibers of the

mixture of 2c and 3c, retards the conversion of 2c to 3c catalyzed by ALP.

Therefore, it is not surprising that a self-supported hydrogel of 3c (Figure 2C, inset) only

forms upon the prompt addition of ALP into a freshly prepared solution of 2c (0.6 wt%, pH

7.4), that is, before 2c self-assembles extensively. The TEM of the hydrogel indicates that

the nanofibers, with a quite uniform diameter of 10±3 nm (Figure 2C), have much higher

density in the hydrogel of 3c than in the viscous solution of 2c. Most of the nanofibers pair

in parallel, suggesting the strong inter-fiber interactions. According to Figure 3B, the
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hydrogel of 3c shows the highest fluorescent intensity, while the viscous solution is slightly

brighter than the freshly prepared solution. Since all these three samples have the same

concentration of the fluorophore (i.e., DBD), the stronger fluorescence suggests a higher

quantum yield of the fluorophore after the formation of the nanofibers. That is, the stable

hydrogel of 3c contains nanofibers to encapsulate the DBD, which changes the local

microenvironment (from a hydrophilic environment in the aqueous solution to a

hydrophobic one inside nanofibers) of the fluorophores, thus increases the quantum yield

and results in the highest quantum yield among these three cases.

The enzymatic conversion of 2d to 3d

The replacement of NBD by rhodamine produces compounds 2d and 3d (Figure S4), neither

of which behaves as a hydrogelator. After 2d being dissolved in water (pH 7.4, 0.6 wt%)

and treated with ALP, the product of dephosphorylation, 3d, fails to form a hydrogel (Figure

S5). The solution of 2d gives a strong fluorescence at 586 nm (λex = 573 nm), while the

solution of 3d emits at the same wavelength but with a weaker intensity (Figure S6). The

decreased fluorescent intensity may imply the formation of aggregates (vide infra) after

dephosphorylation because the self-quenching36 could originate from the energy transfer

from the excited monomers to the aggregates.37

Molecular self-assembly (or aggregation) determined by light scattering

The self-assembly of 2c before the addition of ALP indicates that this type of small

molecules (i.e., 2a-d) may self-assemble in water before dephosphorylation or without

forming a hydrogel. Thus, it is necessary to examine the state of the precursors and

hydrogelators at the concentration below CGC. As a statistical method to determine

microscopic heterogeneity in solution, light scattering measures the objects at a sub-micron

size and gives an angle-dependent signal if the scatters are larger than λ/10.38 Specifically,

static light scattering (SLS) measures the average intensity of scattered light for probing the

sizes and shapes of particles, while dynamic light scattering (DLS) measures the correlation

of scattered light for detecting the concentration fluctuation induced by particles that diffuse

in solution.39 So we choose light scattering for evaluating the molecular assemblies of the

analogues of 2a and 3a in the solutions.

To establish a reference point, to map the experiment parameters, and to understand the

results from light scattering, we first carry out a comprehensive light scattering study on the

parent compound, 1, since it shares the same self-assembly motif and enzyme triggers with

2a, 2b, 2c, and 2d. The DLS autocorrelation decay curve of 1 at 6 mg/mL remains

unchanged between 2 hr and 48 hr (Figure S7A), indicating that the assemblies are stable in

solution in terms of association-disassociation. The decay curves exhibit angle-dependent

scattering due to the large size of assemblies (estimated to be larger than 63 nm). The curves

(Figure S7B) of the serial dilution of 1 from 6 mg/mL to 0.12 mg/mL 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) for the formation of assemblies in the

solution of 1. After adding ALP to the solution of 1, the dephosphorylated molecule (2,

Scheme S1) becomes more hydrophobic and easier to self-assemble. For example, at the

concentration of 6 mg/mL, there are large amounts of supramolecular assemblies of 1, which

likely co-assemble with the newly formed molecules of 2 and quickly generate long

nanofibers that merely move in solution (Figure S7C). The static scattering intensity is

expected to increase during the initial period of dephosphorylation when there are limited

amount of assemblies. Figure S7D shows the DLS autocorrelation functions measured at

different times. In this system after 148 min the gelation process is practically completed.

From the light scattering results of 1, we find several features: (i) stable supramolecular

assemblies of 1 form before dephosphorylation if the CAC of 1 is reached; (ii) the CAC of 1
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is between 0.6 mg/mL (705 μM) and 0.12 mg/mL (141 μM); (iii) DLS is unable to give

accurate sizes of the individual assemblies beyond certain concentration (i.e., in the semi-

dilute concentration range where the assemblies overlap) or after long duration of

dephosphorylation of 1. Thus, we only conduct SLS measurements of 2a-d for assessing the

extent of the self-assembly or aggregation of the molecules before and after

dephosphorylation.

Despite SLS usually measures the weight average molecular weight (Mw) of polymers

according to Zimm plot with double extrapolation to zero angle and zero concentration,40

the above DLS results of 1 clearly show that the dynamic properties of supramolecular

assemblies change due to disassembly upon dilution. Thus, we fix the concentrations of 2a-d
at 500 μM (within the range of CAC of 1) to obtain a qualitative comparison of their

assemblies before and after dephosphorylation. As shown in Figure 4, control experiments

(the curves of PBS and “PBS+E”) indicate the addition of ALP (at the amount used for

catalyzing hydrogelation) hardly contributes to the SLS signal at all angles (30°, 60°, 90 °,

and 120°). The solution of 2a exhibits a scattering intensity as low as the controls, indicating

little self-assembly of 2a at 500 μM. After the addition of ALP into the solution of 2a and

the completion of dephosphorylation, the resulting 3a shows an obvious increase in light

scattering at 30°, suggesting that 3a forms assemblies at 500 μM. While the scattering

intensities at other angles are much smaller than that of 30° (remain as low as the blank), the

angle-dependent light scattering reveals that the assemblies of 3a are also larger than 63 nm.

Similarly, the SLS signals of 500 μM of 2b, 3b, 2c, and 3c show the increases of the

intensities of scattering after the addition of ALP. Although the light scattering intensity of

2c is higher than that of 2b at 30°, which indicates more extensive self-assembly of 2c than

that of 2b, 3b and 3c still exhibit similar magnitudes of self-assembly according to their

comparable light scattering intensities. Both 2d and 3d exhibit the highest SLS signals at

30°. Since they are unable to form hydrogels, this result suggests that the molecules of 2d or

3d likely form non-fibrillar, disordered aggregates.

TEM of molecular assemblies (below CGC)

Although light scattering is a useful technique to detect the existence of the particular

assemblies of small molecules and their quantities in solution, it is less straightforward for

depicting the morphology of the assemblies due to the disassembly of these supramo-lecular

assemblies upon dilution. As a complementary method to light scattering for identifying the

microscopic morphology of supramolecular assemblies, TEM distinguishes the fibrillar or

non-fibrillar morphology. Thus, we use TEM to evaluate the morphology of supramolecular

assemblies in each sample measured by SLS in Figure 4.

As shown in Figure 5, TEM confirms that, indeed, there is hardly any obvious aggregates in

500 μM solution of 2a, agreeing well with the result from SLS of 2a. TEM shows that the

corresponding dephosphorylated product, 3a, of which the solution obviously scatters the

incident light at 500 μM, self-assemble to form a network consisting of uniform nanofibers

that have almost the same diameter (10±2 nm) as the nanofibers existed in the hydrogel of

3a.23 TEM identifies only a small amount of nanofibers with finite lengths in the solution of

2b at 500 μM, which agrees with its weak SLS signal. After dephosphorylation, TEM

reveals that the molecules of 3b at 500 μM form polymorphismic nanoscale aggregates that

consist of nanofibers surrounded by non-fibrillar aggregates. The relative large amount of

non-fibrillar aggregate in the solution of 3b agrees with its stronger signal in SLS than that

of 3a. A significant amount of nanofibers in the solution of 2c coincides with its rather

strong light scattering signal (e.g., being comparable to that of 3a). TEM of 500 μM of 3c
shows the morphology of a crowded network of nanofibers. Differing from the nanofibers of

3a, most of the nanofibers of 3c exist as bundles, implying the strong inter-nanofibers
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interactions. The formation of the nanofibers of 2c also agrees with the slow

dephosphorylation during enzymatic hydrogelation of 2c/3c (vide supra). As discussed

above, neither 2d nor 3d is a hydrogelator. Their aggregates are disordered and non-fibrillar,

and, after dephosphorylation, the resulted 3d forms much more aggregates than 2d does.

Some of these large aggregates may precipitate out of the solution, thus canceling the

increase of the scattering due to the larger size aggregates, which finally yields the little

change between the light scattering intensities of 2d and 3d (vide supra).

Critical aggregation concentration (CAC) determined by isothermal titration calorimetry
(ITC)

Thermodynamics is another important aspect for understanding the supramolecular self-

assembly. Recent studies have demonstrated that ITC is the most precise and direct

technique to measure the thermodynamic parameters (e.g., ΔH, Ka, TΔS) in an association

reaction by titrating ligands (titrant in the syringe) into a solution containing the binding

partner (titrand in the sample cell) at a constant temperature, which is maintained by an

external heat source. Thus, the heat effect generated by the reaction equals to the required

external heat power but with opposite sign. ITC, as a standard method to titrate a micelle

solution into water, also determines critical micellization concentration (CMC).42 Using the

similar experiment procedure and principle for determining CMC, here we titrate the

solutions containing supramolecular assemblies of 2a-d into a PBS buffer to determine the

CACs of the precursors (2a-d).

As shown in Figure 6, the injection of each precursor solution at a given concentration

(Figure 6) into PBS buffer gives a total heat flow (ΔHinj), which accounts for the heat

generated by dilution (ΔHdil) and the disassociation of the assemblies (ΔHdis). In general, the

magnitude of ΔHdil is small and almost a constant (equals to the several final injections on

the “saturation” plateau). ΔHdis is positive and decreases since the titration builds the

concentration of the titrant in the sample cell that suppresses the disassociation of the titrant

from syringe on the following injection. Once the heat flow curve reaches the plateau, it

indicates the balance of disassociation and association. Using this definition, we calculate

the CACs. According to Figure 6, the CAC point appears to reach at the injection number of

17, 16, 10, and 15 for 2a, 2b, 2c, and 2d, respectively, thus the corresponding CACs are

[2a]CAC = 770.6 μM, [2b]CAC = 288.2 μM, [2c]CAC = 95.2 μM, and [2d]CAC = 272.7 μM.

These CACs are comparable to the concentration range of the self-assembly of 1 obtained

by light scattering (vide supra).

Thermodynamically, at a given temperature (e.g., 30 °C in this experiment), the precursors

self-assemble to form supramolecular assemblies, which means the self-assembly is a

spontaneous process (ΔGagg<0). Therefore, the disassociation of the assemblies is a non-

spontaneous process (ΔGdis>0). When being titrated into a PBS buffer, the assemblies

absorb heat to disassociate, which means the disassociation is an endothermic process

(ΔHdis>0). Along the disassociation process, the entropy of not only those precursors but

also water molecules (which presumably align on the molecular surface) increase, thus

ΔSdis>0. However, it is possible that the entropy term partially reduces the enthalpy term.

Thus, there is little energetic barrier in both assembly and disassembly pathway, which leads

to an extremely broad transition from monomer to polymerized form (e.g., disordered

aggregates or nanofibers). Thus, the CAC determined here distinguishes the “monomer rich”

and “assembly rich” states instead of a distinctive concentration to separate non-aggregate

and aggregate phase.43 The Gibbs free energy equation has another implication: when the

temperature exceeds a critical point (Tcri), ΔHdis will become smaller than TΔSdis, leading to

ΔGdis<0, which indicates that the disassociation process will be favorable. We notice that 2c
has a relatively sharp transition in ITC curve, suggesting its distinct distribution between the
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states of monomers and nanofibers. In comparison, 2b and 2d have a slower transition and

the most flatten transition, respectively. These transitions correspond to their broad

transition among monomers and polymorphic assemblies or disordered aggregates (Figure 6

inset). This kind of difference also correlates well with their molecular distributions in

cellular environment, shown by fluorescent imaging (vide infra).

Fluorescent imaging

Based on the successful method to image enzyme-triggered self-assembly of small

molecules inside live cells,23 we investigate the spatial distribution of each kind of

molecules in cellular environment by fluorescent microscopy. We incubate HeLa cells with

each precursor (2a-d) at the same concentration of 500 μM in PBS buffer (in which we

know the morphology of the microstructure of the assemblies in each solution) and compare

the fluorescent images of these live cells after 30 minutes of incubation. During the

incubation, we also capture real time images to elaborate the spatiotemporal profile of these

emergent fluorescent assemblies (Figure S8). The resulting images show that the diffusion

of each kind of fluorescent molecule into cell bodies at different rates and different

locations. For example, after adding 2a to the cells, we find the fluorescence of 2a outside

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. At the

time point of 30 min, all the cells glow brighter at the center of cell bodies than around the

outer membrane (Figure 7A). As we reported earlier, this result indicates the formation of

the nanofibers of 3a inside cells catalyzed by an effective phosphatase, PTP1B.23

Unlike 2a, 2b mainly localizes in membrane of the cells in a relatively homogeneous

manner (Figure 7B). Comparing to 2a, the similar low background fluorescence outside the

cells confirms that there is insignificant amount of 2b outside cells while the different spatial

distribution indicates that the assemblies of 2b/3b mainly reside near cell membrane instead

of endoplasmic reticulum (ER). In the fluorescent image, we observe that several aggregates

of 2b remained outside cells, during the 30 min imaging, just behave like 2c (e.g., the

brightest spot in Figure 7B, middle-right bottom). But certain portion of 2b can enter cells

and get dephosphorylated to form 3b, which may self-assemble on cell membranes. In

addition, after 30 min incubation with 500 μM of 2b, the cells round up, agreeing with the

significant cytotoxicity of 2b (Figure 8). The difference in localization of the assemblies,

between 2a/3a and 2b/3b, is consistent with that they bear different fluorophores and exhibit

different self-assembly propensities of the precursors. The preference of 2b/3b to the cell

membrane likely originates from the dansyl-lysine motif because dansyl-lysine exhibits

significant higher solubility in phospholipid membrane than it does in water26 and dansyl

group is compatible with the head group of phosphatidylcholine.

As discussed early, 2c dissolved in PBS buffer results a highly viscous solution that contains

significant amount of nanofibers. Thus, the confocal image shows that 2c in PBS buffer

forms a large amount of fluorescent assemblies only outside the cells (Figure 7C). During

the 30 min incubation, the fluorescent assemblies distribute heterogeneously outside cells

and barely change their locations, suggesting that the HeLa cells are unable to uptake the

nanofibers of 2c.

To exclude the possibility that the localization is simply the properties of monomeric

fluorophores, additional control experiments at different concentrations of the hydrogelators

will be helpful since they will affect the concentration dependent self-assembly process

without alternating the properties of individual molecules. In contrast to the in Fig. 7B, when

a group of HeLa cells are incubated with 200 nM of 2b, the Z-slices of a confocal image

stack (Figure S9) clearly show the homogeneous distribution of 3b within the cell
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cytoplasm. This result proves that 2b, as monomers, exhibits little preference to cell

membrane. In addition, the distribution of 2c also shows a concentration-dependent

behavior. When another group of HeLa cells are incubated with 2c at the concentration of 10

μM (below the CAC), the merged fluorescent and bright field images (Figure S10) clearly

shows that 2c enters the cells. Thus, these two control experiments undoubtedly support that

the spatiotemporal profiles are dependent on the state of aggregation (or self-assembly)

instead of monomeric hydrogelators. Since it is known that the rate of the formation of the

hydrogelators depends on the concentration of ALP,44 one may argue that the precursors at

concentrations of 500 μM over-whelm any natural cellular enzymatic mechanism. This

scenario is unlikely for phosphatases because their high activity (e.g., PTP1B on ER45). In

addition, our previous works confirm that there is hardly any inhibition of intracellular

phosphatases when the concentration of the precursor is at 500 μM.23, 25

Although they are unable to form nanofibers and hydrogels, the molecules of 2d or 3d still

form disordered aggregates. Since the monomers and the aggregates of 2d or 3d are highly

fluorescent, the whole cell body homogeneously exhibits fluorescence (Figure 7D) after the

HeLa cells being incubated with 2d, though the solution of 2d outside cells exhibit

significant background fluorescence. Since the molecular structures of 2a and 2d only differ

from the fluorescent groups and these two fluorescent groups exhibit little specific binding

to cellular organelles, the formation of these two different patterns likely originates from the

difference between their manners of self-assembly or aggregation.

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

the distinct spatiotemporal distribution of their assemblies when they interact with live cells.

Cell compatibility

The difference in cell imaging of the precursors implies cell responses may depend on the

self-assembly or aggregation of the precursors. One most important phenotype is the cell

viability. We conduct MTT cell viability assay by incubating HeLa cells with each kind of

precursor at the concentrations in a serial dilution from 500 μM to 20 μM and measure the

cell viability after 48 hours. As shown in Figure 8, 2a is more or less compatible with cells

at all the tested concentrations, which coincides with that 2a is less prone to self-assemble.

However, since 2a, at 500 μM, diffuse inside the cells and accumulate in the form of

intracellular nanofibers after dephosphorylation in the ER region,23 the induced ER stress

may warrant further studies. 2b starts to show the significant cytotoxicity at the

concentration between 200 and 500 μM, which coincides to its CAC. As revealed by the

fluorescent imaging, the supramolecular assemblies of 2b (and probably the mixture of 2b/

3b) likely interact with cell membrane and impair the membrane integrity, thus leading cell

death consequently. Interestingly, despite that the molecules of 2c self-assemble to form

long nanofibers at the concentration of 500 μM, 2c exhibits little cytotoxicity. Together with

the result from fluorescent imaging, this result indicates that, as the nanofibers outside the

cells, 2c is rather innocuous to cells despite its smallest CAC among the precursors tested in

this work. In contrast 2a-c, after 2d diffuses inside cells and undergoes dephosphorylation to

form 3d, the polydispersity of 3d retains a portion of its monomers of which the

concentration increases with the initial concentration of 2d and the incubation time. Thus,

the toxicity of 2d exhibits a dosage dependence after 48 hours, giving the IC50 around 200

μM, which even lower than its CAC. This result also agrees with that rhodamine

fluorophore, itself, is cytotoxic via the inhibition of mitochondria functions. These results of

cell viability confirm the cytotoxicity of the precursors and the hydrogelators closely relate

to the spatiotemporal distribution of their self-assemblies.
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Intracellular nanofibers stabilize F-actin filaments

The cell imaging result in Figure 7A, reported previously,23 largely serves as a comparison

of other imaging data in Figure 7. In this study, we unexpectedly found that the

supramolecular nanofibers of 3a are able to stabilize the F-actin filaments in the cells

insulted by latruncunlin A (4), an F-actin toxin that disrupts the actin cytoskeleton. Being

able to bind to actin monomer (G-actin) with 1:1 stoichiometry, 4 specifically inhibits G-

actin polymerization that forms F-actin.46 Losing the F-actin filaments, cells decrease

cellular adhesion, thus each individual cell rounds up, detaches from its substrate surface

(e.g., culture dish), and undergoes apoptosis. During the imaging experiment (i.e., the

fluorescence staining of F-actin and nuclei accompanied with chemical fixation, to see SI),

the detached (floating) cells will be washed away, and, as the result, no fluorescence appears

during the imaging.

To determine the suitable condition for 4 to inhibit the actin filaments, we use 4, from 1 μM

to 10 μM, to treat HeLa cells from 15 min to 1 hour, and find that 30 min of treatment 10

μM of 4 is sufficient to induce the detachment of most of the HeLa cells from the substrate

(Figure S11). After the HeLa cells being pre-incubated with 500 μM of 2a for one hour, the

same treatment (30 min., 10 μM of 4) fails to result in cell detachment, as indicated by,

fluorescent imaging, which shows the unperturbed adherence of the HeLa cells to the

substrate. The staining of actins also reveals that abundant F-actins exist in the cytoplasm

(Figure S12C). The dramatic different cellular responses to the F-actin toxin (4) between the

untreated and 2a treated HeLa cells likely originate from the formation of intracellular

molecular nanofibers of 3a. The merged fluorescent image (Figure S12D) indicates certain

co-localization of 3a and F-actin, suggesting that the interaction between molecular

nanofibers and actins, which is consistent with a previous study.47 Since latrunculin A (4)

inhibits the polymerization of actin by forming a 1:1 stoichiometric complex with actin

monomers (Kd = 0.240.4 μM), the stabilization effects of 3a may stem from the binding

between the nanofibers of 3a and actin filament to reduce the interaction between 4 and

actins.

The pre-incubation of 2b, 2c, or 2d, with the HeLa cells, prior to the treatment of 4, exhibits

weak or none protective effect against the action of 4. For example, cells incubated with 2b
already start to round up before the addition of 4, which likely originates from the

cytotoxicity of 2b at 500 μM (Figure 8). Not surprisingly, the subsequent treatment of 4
makes all the cells to detach from the substrate (Figure S13A). Most of the HeLa cells

incubated with 2c, behaving the same as the untreated HeLa cells, detach from the culture

dish after being treated by 4 (Figure S13B). This result agrees with that the molecular

nanofibers of 2c hardly accumulate intracellularly. Although 2d diffuses inside cells and

form non-fibrillar aggregates of 3d intracellularly, which apparently results in that a

significant number of cells remain adhering to the substrates. However, F-actins exist at a

much lower level in cytoplasm (Figure S13C) in comparison to the case of 2a. These results

not only establish the formation of different kinds of supramolecular assemblies inside cells,

but also further confirm that the spatiotemporal profiles of the assemblies of these small

molecules affect the phenotypes of the cells.

CONCLUSIONS

The experimental results of this work suggest that the precursors and hydrogelators exhibit

the spatiotemporal behaviors depicted in Figure 1: 2a remains as monomers and diffuses

inside the cell driven by concentration gradient. 2a turns to 3a inside the cell via

dephosphorylation catalyzed by PTP1B, and initiates the molecular self-assembly near

ER.23 2b, largely existing as monomers, undergoes dephosphorylation to form 3b that self-
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assembles to result in molecular assemblies, which largely localize in the cell membrane and

impair the membrane integrity to cause the cell death. 2c self-assembles significantly to

form the nanofibers before dephosphorylation. The nanofibers of 2c localize mainly outside

the cells with slow dephosphorylation, thus 2c is also much less cytotoxic. 2d resides both

outside and inside the cells while the portion of 2d inside the cell undergo

dephosphorylation, and form non-fibrillar aggregates of 3d that apparently are cytotoxic at a

high concentration. These results also imply that, unless the purpose is to image the self-

assembly of small molecules, the aggregate of a fluorophore, alone, is undesirable for cell

imaging. On the other hand, the extensive knowledge of small molecular gelators22, 34-35

also provides a large pool of candidates for exploring molecule self-assemblies in cellular

environment.

In summary, these results confirm that the assemblies of small molecules are able to exhibit

biological activities drastic from the individual monomers of the molecules.9 As the first

example of the systematic study of the spatiotemporal profiles of the assemblies of small

molecules in cellular environment, this work illustrates several trends or issues that worth

consideration when one investigates the (ordered) assemblies or (disordered) aggregates of

small molecules for biomedical applications. (i) A small structural difference in the small

molecules may result in the significantly different behavior of self-assembly. For example,

2a and 2c behave completely different despite the fluorophores on them are rather similar.

Therefore, it is important to determine experimentally the self-assembly of the molecules of

interests. (ii) The critical aggregation concentration (CAC) usually is an order of magnitude

lower than the CGC. After the use of hydrogelation as a simple, preliminary assay for

determining molecular self-assembly in water, it is essential to use multiple assays or

techniques (e.g., ITC, SLS, DLS, and TEM) to verify the presence of molecular assemblies

or aggregates if they are the subject of study. (iii) It is possible that the self-assembly of

small molecules to result in various microscopic morphology (fibrillar or non-fibrillar) even

by the same molecule (e.g., the case 3b). Such a polymorphism not only highlights the need

of more advanced methodology for determining the dynamic “atomistic structures” of

molecular assemblies, but also underscores that the reproducible phenotypes generated by

the molecular assemblies of small molecules are more useful and accessible information in

the current stage of the study of molecular assemblies of small molecules. (iv) The

molecular self-assembly of small molecules could be beneficial or detrimental to cells,

which depends on the distribution of the supramolecular assemblies and their interaction

with cellular components. Thus, the use of supramolecular self-assembly to provide the

contrast for the fluorescence imaging to identify the spatiotemporal profiles of molecular

assemblies in cellular environment should be particularly worthwhile and useful approaches.

(v) The unexpectedly observed the stabilization of F-actin by the nanofibers of 3a, the

impairment of cell membrane induced by the assemblies of 3b, the innocuous assemblies of

2c to cells, and the cell cytotoxicity induced by aggregates of 3d, reflect the interactions of

the supramolecular assemblies with bio-macromolecules in live cells, which promise the use

of extra- and intracellular supramolecular self-assemblies for cellular regulation. Such

studies, in combination and being benefitted from the development of enzymatic reactions,48

will contribute to an emerging field like supramolecular chemical biology or ultimately may

lead to a new paradigm in chemistry and biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of the distinct spatial distribution of the small molecules in cellular environment

due to their different propensity of self-assembly before or after dephosphorylation.
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Figure 2.
Typical transmission electron microscopic (TEM) images show the nanofibers in the

hydrogels, which are resulted from alkaline phosphatase catalyzed dephosphorylation, of

(A) 3a (0.6 wt%, pH 7.4); (B) 3b (0.6 wt%, pH 7.4); and (C) 3c (0.6 wt%, pH 7.4). Insets:

each hydrogel under excitation of a handhold UV lamp (λex = 365 nm).

Gao et al. Page 16

Langmuir. Author manuscript; available in PMC 2014 December 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3.
(A) The fluorescence spectra of the solution of 2b (0.6 wt%, pH 7.4) and the hydrogel of 3b
(0.6 wt%, pH 7.4) that is formed by adding in 20 U/mL of ALP into the solution of 2b. (B)

The fluorescence spectra of the fresh prepared solution, viscous solution of 2c (0.6 wt%, pH

7.4), and the hydrogel of 3c (0.6 wt%, pH 7.4) that is formed by adding in 20 U/mL of ALP

into fresh prepared solution of 2c.
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Figure 4.
Static light scattering (SLS) measurements show the relative scattering intensity of 2a-d, and

their corresponding dephosphorylated products 3a-d at the concentrations of 500 μM in PBS

buffer. (ALP, 5U/mL).
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Figure 5.
TEM images of the representative morphology of molecular assemblies before and after

adding ALP (5 U/mL). (A) 2a, (B) 2a + ALP, (C) 2b, (D) 2b + ALP, (E) 2c, (F) 2c + ALP,

(G) 2d, and (H) 2d + ALP (in 1x PBS buffer, 500 μM of 2a-d, negatively stained by 2%

UA,41 scale bar = 100 nm).
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Figure 6.
ITC heat flows versus the number of injections for the determination of the critical

aggregation concentration (CAC) at pH 7.4 at 30 °C. Heat flow of the titration of 6 mM of

2a, 2 mM of 2b, 1 mM of 2c, or 2 mM of 2d in PBS, in steps of 25 × 2 μL, into PBS buffer

(190 μL) in the sample cell. The CAC is defined as c0 × 2n/(2n+190) in which n stands for

the number of injections when the fitting curve plateaus. Inset enlarges the Y-axis from −10

to 30 μJ range.
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Figure 7.
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. Scale bar = 25 μm.
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Figure 8.
MTT cell viability test shows the different cytotoxicity of 2a-2d against HeLa cells at 48

hours.
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Scheme 1.
The general synthetic route of the fluorescent phosphorylated precursors and the enzymatic

dephosphorylation
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