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Confinement size determines the architecture of Ran-induced 
microtubule networks†

Ya Gaia, Brian Cookb, Sagar Setruc, Howard A. Stonea, Sabine Petryb

aDepartment of Mechanical and Aerospace Engineering, Princeton University, Princeton, NJ, 
USA.

bDepartment of Molecular Biology, Princeton University, Princeton, NJ, USA.

cLewis-Sigler Institute of Integrative Genomics, Princeton University, Princeton, NJ, USA

Abstract

The organization of microtubules (MTs) is critical for cells during interphase and mitosis. During 

mitotic spindle assembly, MTs are made and organized around chromosomes in a process 

regulated by RanGTP. The role of RanGTP has been explored in Xenopus egg extracts, which 

are not limited by a cell membrane. Here, we investigated whether cell-sized confinements affect 

the assembly of RanGTP-induced MT networks in Xenopus egg extracts. We used microfluidics 

to encapsulate extracts within monodisperse extract-in-oil droplets. Importantly, we find that 

the architecture of Ran-induced MT networks depends on the droplet diameter and the Ran 

concentration, and differs from structures formed in bulk extracts. Our results highlight that both 

MT nucleation and physical confinement play critical roles in determining the spatial organization 

of the MT cytoskeleton.

Introduction

In the course of the cell cycle, a variety of morphological events occur, which are guided by 

cytoskeletal filaments confined within the cell. A key event in the proliferation of eukaryotic 

cells is the assembly of the mitotic spindle, which ensures the equal partitioning of 

chromosomes during cell division.1 Central to spindle assembly is the formation and spatial 

organization of MTs. Chromosomal MT generation is important in centrosomal spindle 

formation and even more critical in cells that do not contain centrosomes, such as plant 

cells and meiotic egg cells in animals.2,3 A key regulator of chromosomal MT nucleation 

is the protein RanGTP,4–9 which surrounds chromosomes in the form of a gradient.1,10 The 

RanGTP gradient is generated by the chromatin-bound guanine nucleotide exchange factor 
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RCC1 and the GTPase-activating protein RanGAP residing in the cytoplasm.5,7 RanGTP 

releases spindle-assembly factors from their sequestration and inhibition by importins. 

Spindle assembly factors subsequently facilitate MT formation and spindle organization. 

A direct connection between RanGTP and MT nucleation could be established via the 

spindle-assembly factor TPX2, which stimulates branching MT nucleation and generates 

spindle MTs.1,11,12 RanGTP’s role as an upstream regulator of spindle assembly is apparent. 

Upon its addition to metaphase-arrested Xenopus egg extracts, RanGTP drives the MT 

assembly into polar MT networks.5,7 Some of these MT networks have been described 

as “Ran mini spindles,” although their exact architecture shows a large variation across 

previous studies.4–8 This motivated us to examine how the architecture of Ran-induced MT 

networks is determined.

While studies in Xenopus egg extracts are often conducted in bulk, the influence of extract 

confinement has mostly been studied with MTs stabilized with Taxol. The addition of Taxol 

to bulk Xenopus egg extracts induces the formation of MT asters.13,14 Further enclosure 

by droplets of increasing sizes changed the final architecture of taxol MT networks to 

contractile networks, cortical bundles, vortices, and asters.15,16 For example, encapsulated 

Taxol-containing extract with a droplet diameter of 100 μm drove the formation of MT 

networks with a vortex structure.17 When confined in a rectangular microfluidic channel 

with a minimum length scale of 100 μm, MT asters in the presence of Taxol can merge and 

assemble into a contractile network.18

Independently, physical confinement also affects the organization of MTs with purified 

components. Encapsulating purified tubulin in the presence of GTP and motors in either 

microchambers or droplets leads to different MT structures depending on confinement 

size: at a small confinement size, MTs bent and formed bundles close to the confinement 

periphery; at a larger confinement size, MTs formed asters by clustering MT ends under 

the action of motors.16,19,20 Most prior studies described above focused on stabilized MTs 

or MTs that were made from purified tubulin and dissected how they interacted in the 

presence of motors and within confinement. Yet, in a cell, MTs are neither stabilized nor 

generated spontaneously. Instead, they are nucleated from precise locations at the correct 

cell cycle stage and exhibit dynamic instability during their lifetime. Recently, a novel 

strategy was developed to locally induce MT nucleation via the aggregation of magnetic 

RanGTP nanoparticles in extract within droplets.21 This work inspired us to investigate 

how well-controlled confinement size and RanGTP concentration affect the assembly of MT 

networks.

Here, we examine the architecture of MT networks that nucleate dynamic MTs via the 

RanGTP nucleation pathway within cell-sized compartments, generated by encapsulating 

extract in monodisperse droplets via microfluidics. We reveal how confinement size and 

the concentration of the dominant active form of Ran, RanQ69L, regulates the assembly 

of MT networks. Our work highlights the prominent role of MT nucleation combined with 

cell-sized confinement during the self-organization of MTs.
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Materials and methods

Xenopus egg extract preparation

Cytoplasmic extracts were prepared from unfertilized Xenopus laevis oocytes arrested in 

metaphase of Meiosis II, as previously described.22,23 The egg extracts were used within 

three hours of preparation.

RanQ69L expression and purification

N-Terminal strep-6xHis-TEV mTagBFP2 RanQ69L was cloned into the pST50 vector 

via Gibson Assembly (New England Biolabs). The plasmid was transformed into E. coli 
Rosetta2 cells (EMD Millipore) for protein expression. Cells (4 L) were grown until OD600 

= 0.8 at 37 °C in LB media, and then protein expression was induced using 500 mM IPTG 

for 18 hours at 16 °C before cells were pelleted. RanQ69L was purified in the following 

manner:24,25 we lysed cells by using an Emulsiflex french press (Avestin) in binding buffer 

(100 mM Tris–HCl, 450 mM NaCl, 1 mM MgCl2, 1 mM EDTA, 2.5 mM PMSF, 6 mM 

BME, pH 8.75). We centrifuged the lysate at 20 000 × g and loaded the supernatant onto a 

StrepTrap HP column (GE Healthcare, 5 ml). Protein was eluted in binding buffer with 2.5 

mM D-desthiobiotin, and dialyzed overnight into CSF-XB buffer (10 mM HEPES, 100 mM 

KCl, 1 mM MgCl2, 5 mM EGTA, 10% sucrose w/v, pH 7.7). We included 200 μM GTP in 

lysis and elution buffers and obtained about 0.5 ml of 200 μM RanQ69L.

Bulk assay preparation

In a 4 °C cold room, fresh metaphase-arrested egg extracts were supplemented with 

Alexa-647 labeled tubulin at 0.3 μM final concentration for all the experiments 

(PurSolutions, VA), and RanQ69L concentrations ([Ran]) of 5 μM, 10 μM, and 20 μM. 

We chose the minimum Ran concentration to be 5 μM, such that MT nucleation within a 

time course of 20 min would be observed, consistent with previous work.21

Experiments with unconfined extracts

We pipetted 10–15 μl of the bulk assay reaction mixture into a custom-made flow cell in a 

4 °C cold room. We made the flow cell with a glass coverslip, two stripes of double-sided 

tape, and a glass slide. The length and width of the flow cell were about 2 cm and 0.5 

cm, respectively. We estimated the height of the flow cell to be 200 μm based on the tape 

thickness. To image the unconfined extracts, we mounted the flow cell onto a confocal 

microscope at room temperature (20 °C). We set t =0 min when we transferred the flow 

cell (or microchannels) to room temperature. This time refers to reaction onset. Each figure 

indicates the time after reaction onset.

Microfluidic channel fabrication and droplet generation

To confine a cell-free extract, we used droplet microfluidics (Fig. 1a). We used standard soft 

lithographic techniques to fabricate the microchannel in poly(dimethylsiloxane) (PDMS).26 

The microchannel was rendered hydrophobic by treatment with Aquapel (Pittsburgh, PA) 

to avoid the droplets wetting channel walls. We used Aquapel as provided. After bonding 

the microchannels, we filled the microchannels with Aquapel, let it sit for 1 min, and then 
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flushed with air. This washing process left a thin hydrophobic coating on the microchannels’ 

interior surfaces.27 To further dry out excessive Aquapel and increase the channels’ bonding 

strength, we stored all Aquapel-treated microchannels in a 65 °C heated oven for at least 24 

h before any experiments. After this step, the microchannels remained hydrophobic within 

their lifetime, i.e., until microchannel breakdown due to normal usage. The microchannel 

consists of two major parts: an upstream flow-focusing nozzle for generating monodisperse 

extract-in-oil droplets (Fig. 1b),28 a downstream chamber for collecting the droplets (Fig. 

1c). The dispersed phase consisted of a mixture of fresh extracts, labeled tubulin, and Ran 

(see Bulk assay preparation).

The continuous phase was hydrofluoroether HFE-7500 (3 M, St. Paul, MN) containing 

the non-ionic, PEG-based 008-FluoroSurfactant (2% w/w, RanBiotechnologies, USA). The 

surfactant prevents droplet coalescence by coating the droplet interface with a PEG layer, 

commonly used in droplet-based applications to minimize interactions between proteins 

and interfaces.20,29,30 We used syringe pumps (NewEra, NJ) to drive the flows in the 

microchannel. To vary the droplet size, we changed the volumetric flow rates of the 

dispersed and continuous phases. We characterized the droplet size by their diameter D, 

calculated when the droplets were spherical (Fig. 1d and ESI,† Note S1). The dispersity 

of the generated droplets was o5% by volume. We fabricated microchannels with various 

depths H, which was always smaller than the droplet diameter D. The droplets were thus 

entirely confined by the top and bottom walls of the microchannels and appeared in a 

disc shape (Fig. 1d). We summarized the detailed droplet sizes D, constriction widths W, 

microchannel depths H, and flow rates used for the droplet generation in ESI,† Table S1. 

For most droplet results (Fig. 1 to 4), the H/D ratio was kept constant at H/D ~ 0.8. To 

test the effect of droplet deformation on the MT networks (Fig. 5), we also tested H/D 
~ 0.4 by reinjecting droplets with D = 110 μm into a shallow microchannel with H = 

40 μm. We chilled all equipment and microchannels overnight before the experiments. 

We monitored the droplet generation process using a stereoscope in the 4 °C cold room. 

After sufficient droplets accumulated in the downstream chamber, we stopped the droplet 

generation immediately by unplugging the inlet tubing. We waited for 10 minutes in the 4 

°C cold room until the flow ceased in the microchannel. We then moved the microchannel 

to the confocal microscope at room temperature (20 °C) for high-resolution imaging. We 

set t = 0 min when we transferred the microchannels to room temperature. This time refers 

to reaction onset. Each figure indicates the time after reaction onset. We took all confocal 

images at the midplane in the z-direction.

For the experiments in which motor activities were inhibited, we added either vanadate 

(NEB) or ciliobrevine (Sigma) in the bulk assay with [Ran] = 10 μM and generated droplets 

with D = 110 μm. The final concentrations of vanadate and ciliobrevin in those assays were 

500 nM and 5 μM, respectively, which is also indicated in the caption of Fig. 6. The imaging 

methods and incubation times/time points for these motor inhibition experiments remained 

the same as in the other experiments and are indicated in the images and movies.
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Experiments with EB1

We added end-binding protein 1 (EB1) in bulk extract assays with [Ran] = 5 μM and [Ran] 

= 10 μM. We set the final concentration of EB1 to be 200 nM for all EB1 experiments. EB1 

saturated at this concentration, ensuring all MTs were labeled. We proceeded to generate 

droplets with D = 60 μm and conducted imaging. With a spinning-disc confocal microscope, 

we took multiple time-lapse single-plane images. The data for counting EB1 consisted of 

200 frames from multiple imaging sessions, where each session corresponded to one sample 

preparation at a specific test condition (Ran concentration and droplet size) and was imaged 

at a ~1 fps frame rate for 30 seconds from t = 7 min (see the “Experiments with unconfined 

extracts” section for the definition of t = 0).

To count the EB1 spots, we used ImageJ. We first conducted a rolling-ball background 

subtraction to remove background, suppress noise, and highlight EB1 signals. With the 

ImageJ TrackMate package, we then identified EB1 spots based on image intensity. We 

extracted the number of EB1 spots frame by frame for each test condition, which was used 

to calculated the average number of EB1 spots. For this analysis, we excluded any bright 

areas in which EB1 spots could not be resolved from one another. Thus, the total number of 

EB1 spots counted is an underestimate. Nevertheless, the trend of the measurable number of 

EB1 spots are useful to drive insights into the effect Ran concentration, as we shall discuss 

later.

Results

The architecture of MT networks differs when confined in a cell-shaped droplet

We sought to investigate the architecture, i.e., the 3D structure, of RanGTP-induced MT 

networks. We added RanQ69L, loaded with GTP that can no longer be hydrolyzed, to 

Xenopus egg extracts. We visualized the formation of MT networks via the addition of 

fluorescently labeled tubulin. Within 15 minutes, MTs self-organized into polar networks 

consisting of interconnected poles and MT bundles for the tested Ran concentrations ([Ran] 

= 5–20 μM Fig. 2a), as reported previously.5–7 Although the number and spatial distribution 

of the poles seemed to vary with Ran concentration, the MTs generally remained in polar 

networks for up to 40 minutes (ESI,† Fig. S1).

Next, we used time-lapse confocal microscopy to examine the assembly of Ran-induced MT 

networks in droplets. We generated the droplets via microfluidics (see Methods and Fig. 1), 

ranging from small to large droplet sizes (20–110 μM) that have previously been described 

for Xenopus cells.31,32 To our surprise, the Ran-induced MT networks differed significantly 

from the ones formed in bulk extracts when encapsulated in the round, finite droplets (Fig. 

2b–d, 3a, b, and 4a–d, also see ESI,† Movies S1–S3). Interestingly, the architecture of 

primary MT networks formed within 15 minutes and remained unchanged overall. Beyond 

15 minutes, we additionally observed the formation of independent, polar MT structures, 

which were a few orders of magnitude smaller than the primary MT networks and scattered 

throughout the droplets with D = 110 μm and ([Ran] = 10 μM) (ESI,† Fig. S2). Upon 

varying the droplet diameter and Ran concentration, most changes occurred in the larger, 

primary MT structures within the first 15 minutes. We thus define the “steady-state” (t = 

Gai et al. Page 5

Soft Matter. Author manuscript; available in PMC 2022 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14 minutes) as the time when MT networks have mostly completed the gross assembly and 

exhibited an architecture specific to their droplet size and droplet content, as reported below.

Small droplet size (D = 20 μm) leads to a ring-shaped architecture of MT networks

At a droplet diameter D = 20 μm, MTs assembled into a ring near the droplet boundary 

(Fig. 2b–d). At t = 7 min, a ring of MTs appeared near the droplet boundary and became 

more visible after that (Fig. 2e). The ring-shaped architecture is consistent with previous 

studies, in which Taxol-stabilized MTs formed cortical arrays close to the confinement 

boundary. The cortical arrays stemmed from MTs bending along the boundary when the 

length of the MTs became comparable to the dimension of confining space.15,16 For droplets 

with a diameter of D = 20 μm, the ring-shaped architecture is insensitive to changes in 

Ran concentration (Fig. 2b–d), and robust (>55%) over dozens of droplets (ESI,† Fig. S3). 

Thus, the formation of the ring-shaped architecture is determined mainly by confinement 

size rather than the nucleation activity of MTs for small droplet diameters. Across all Ran 

concentrations, a minor percentage of droplets displayed other MT structures (Fig. 2f and 

ESI,† Fig. S3). Nevertheless, at the tested conditions, over 55% of the interrogated droplets 

showed the ring structure. In Fig. 2f, the “single aster” droplets (the blue bars) refer to 

those that displayed only the single aster architecture. For a droplet that contained both an 

aster and a ring (accounted for 75% of the “ring structure droplets”), we categorized it as 

the “ring” structure (the gray bar). Notably, the MT architecture in confined small droplets 

differs significantly from the same sample in an unconfined sample chamber.

Droplet size affects MT network architecture at low Ran concentrations

During spindle assembly, a gradient of Ran concentration exists in the vicinity of the 

chromosomes.1,10 Based on this, we hypothesized that, in addition to the droplet size, the 

variation of Ran concentration regulates the architecture of MT networks for larger droplet 

sizes. To test our hypothesis, we varied the Ran concentration in droplets with D = 60 μm 

and D = 110 μm.

At [Ran] = 5 μM, and D = 60 μm and D = 110 μm (Fig. 3a and b; also see ESI,† Movie S2), 

MTs assembled into a network partitioned by “void areas” (white arrows in Fig. 3a and b at 

t = 14 min). These areas exhibited a low MT density and precluded the assembly of MTs. 

The architecture of the network resembled the shape of a flower. The number of partitions, 

or void areas, scaled with the droplet size and was robust (>60%) over dozens of droplets 

(Fig. 3c, d; see ESI,† Fig. S4, S5 and Movie S4). On average, droplets with D = 60 μm have 

two or three partitions, and the larger droplets with D = 110 μm have five to seven partitions 

(Fig. 3c). The assembly of the flower-shaped architecture was through the contraction of 

the MT network. From t = 3 min to t = 7 min, most MTs nucleated close to the droplets’ 

boundary, rather than homogeneously inside the droplets, and formed bundled MTs (white 

arrows in Fig. 3a and b at t = 7 min). As a result, we observed a brighter region with a 

higher MT density surrounding a darker region with a lower MT density. Subsequently, the 

perimeter of MTs contracted asymmetrically, such that the MT network became partitioned 

by the darker void areas into a flower-shaped architecture (Fig. 3c). Flower-shaped MT 

architectures require MT dynamics, as they don’t form in the presence of Taxol (Fig. S6, 

ESI†).
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Ran concentration affects MT network architecture at medium and large droplet sizes

When increasing the Ran concentration to 10 μM and 20 μM within droplet diameters of 60 

and 110 μm, MTs primarily assembled into asters, i.e., a radial array of MTs close to the 

droplet center. However, the detailed characteristics of the assembly process depended on 

both droplet diameter D and Ran concentration. To illustrate the assembly process, we focus 

on comparing the morphologies of MT networks formed at two times: an intermediate state 

at t = 7 min characterized by spatially separated ‘clusters’ of MTs; a steady-state at t = 14 

min characterized by asters of MTs (Fig. 4a–d). We define the ‘cluster’ as the subset of an 

astral MT network that is still undergoing transient spatial movements and morphological 

changes at t = 7 min, leading eventually to the steady-state MT aster at t = 14 min.

At a Ran concentration of 10 μM and in droplets with diameters of 60 μm and 110 μm (Fig. 

4a and b; also see ESI,† Movie S3), MTs first bundled into a few spatially-separate clusters 

at t = 7 min. They subsequently aggregated to the center of droplets and formed radial asters 

at t = 14 min.

At a Ran concentration of 20 μM and a droplet diameter of 60 μm (Fig. 4c), in contrast to 

the relatively separate clusters (Fig. 4a and b at t = 7 min) at [Ran] = 10 μM, MTs formed 

an increased number of clusters packing densely and appearing to be interconnected at t 
= 7 min, likely due to enhanced MT nucleation activities at a higher Ran concentration. 

The difference between the separate and interconnected clusters at t = 7 min is further 

supported by the Radon transform of the images (Fig. 4f, top row; also see ESI,† Note S2). 

The separated clusters show sinusoidal wave patterns, and the interconnected clusters show 

a homogeneous stripe. With time, the entire network of interconnected clusters contracted 

radially, leading to a single aster at t = 14 min.

At D = 110 μm and [Ran] = 20 μM (Fig. 4d), the clusters again became separate at t = 

7 min (Fig. 4d), supported by the sinusoidal wave in their Radon transform at t = 7 min 

(Fig. 4g). Subsequently, the separate clusters moved towards the center of the droplet. Rather 

than forming a single aster as in the previous cases (Fig. 4a–c at t = 14 min), they did 

not collapse, giving rise to a network of multiple asters coexisting inside the droplet. The 

contrast between the single-aster droplets and the multi-aster droplets is also evident in their 

Radon transforms at t = 14 min (Fig. 4f, bottom row). Compared to the uniform stripe of the 

single aster, the multi-aster case shows a clear sinusoidal wave. The aster assembly inside 

droplets is robust (>60%) over dozens of droplets (Fig. 4g, ESI,† Fig. S7; also see Movie 

S5).

Ran concentrations modulate the number of MTs in droplets

To assess whether the effect of Ran concentration on the resulting MT architectures is the 

result of the increased number of MTs, we used fluorescently labeled end binding protein 

1 (EB1) to estimate the MT number. Because each EB1 spot marks one MT, we counted 

EB1 spots (see Materials and methods) in order to determine the number of MTs within 

each field of view. Comparing droplets with D = 60 μm at [Ran] = 5 μM and [Ran] = 10 

μM (Fig. 5a and b), we found that a 5 μM increase in Ran concentration led to an EB1 

number increase by at least 400% (Fig. 5c). In contrast, varying the Ran concentration in 
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these conditions did not affect the MT growth velocities (see ESI,† Note S3). Thus, MT 

network architectures are related to MT numbers in the confined extracts.

Effect of motor activity and droplet deformation

To test whether molecular motors are required for the assembly of MT networks in our 

system, we inhibited motor activities by adding the ATPase inhibitor vanadate (Fig. 6a and 

ESI,† Fig. S8, Movie S7).25 MTs formed but failed to assemble into a more extensive 

network with a defined architecture inside the droplets, in conditions that normally would 

form asters (Fig. 6a), ring or flower assemblies (ESI,† Fig. S8). Instead, we observed 

small, scattered MT bundles upon treatment with vanadate reminiscent of branched MT 

networks originating from branching MT nucleation.25,33 We hypothesized that dynein is 

the key motor responsible for merging MT bundles into a single MT network. To test 

this hypothesis, we replaced vanadate with ciliobrevin to specifically inhibit dynein (Fig. 

6b). With ciliobrevin, we observed MTs forming shallow bundles scattered throughout 

the droplets, similar to vanadate. This observation supports that dynein is the primary 

type of motor that drives the spatial organization of MTs in our system, consistent with 

previous studies.6,7,15–18,21 Therefore, in wild-type extract and within sufficiently large 

confinement that allows MTs to grow freely without boundary compression, dynein pulls 

separate nucleation centers together to assemble them into Ran-induced MT networks.

To understand how droplet shape affects the MT network assembly, we deformed the 

droplets without changing their volume by reinjecting the droplets into a chamber with a 

small depth, such that the channel depth-to-droplet-diameter ratio became H/D ~ 0.4 (see 

Materials and methods). The droplets deformed into a pancake shape while maintaining 

their volume. At the same droplet size and Ran concentration, compressed droplets (Fig. 

6c–e) exhibited assembly processes and steady-state architectures consistent with the 

uncompressed droplets (Fig. 3b and 4b, d). This observation agrees with the prior study,34 

which reported the confinement volume, rather than the confinement shape, drives the 

spindle scaling as limited cytoplasmic components affect the MT network assembly.

Discussion

Here, we found that MT architecture depends on cytoplasmic volume, MT nucleation, 

and motor activity. Specifically, all MT architectures differ from the ones formed in bulk 

extracts. Thus, we summarize the steady-state (t = 14 min) architecture of Ran-induced MT 

networks as a function of droplet size D and Ran concentration [Ran] in a regime map (Fig. 

7). We have identified four types of architectures: rings, flowers, single asters, and multiple 

asters. The assembly of the architecture is robust (>55%) across many droplets given the 

same droplet size and Ran concentration.

From rings to asters as D increases: pure confinement effect

The ring architecture formation may primarily be due to a high degree of confinement 

imposed by the small droplet size. At D = 20 μm, the length scale of the confining space is 

close to the reported length scale of Ran-induced MTs during spindle assembly.35,36 When 

the MTs grow within the small droplet, their ends eventually touch the droplet boundary. 
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As the growth continues, the MTs buckle and bend along the droplet boundary under the 

compressive force exerted by the droplet interfacial tension, leading to the ring structure 

formation. A similar ring-assembly process has also been observed in prior studies with 

confined, stabilized MTs.15,16

At D = 60 μm and D = 110 μm, more space is available for MT growth and motor-mediated 

transport of MTs. When the confining space is sufficiently large (D = 60 μm or D = 110 

μm), molecular motors organize MTs through MT bundling and directed MT transport along 

MTs.15,16,19,37 Detailed mechanisms of motor activities are beyond the scope of our study 

and reported in other studies.1,19,37–39 Specifically, dynein is necessary to organize smaller 

bundles into larger-scale MT networks, whose architectures range from flowers, to asters, to 

multipolar arrays.

An architecture that has not been observed before is the flower-like network architecture. 

The interaction between lipids and MTs, which is well known and has been proposed to 

help partition membrane systems during cell division,40 most likely drove the formation of 

the void areas at [Ran] = 5 μM. Comparing the conditions of [Ran] = 5 μM with [Ran] = 

10 or 20 μM, we hypothesize that in lower Ran concentrations, fewer MTs were nucleated, 

and the MTs were on average longer. As a result, the fewer and longer MTs may buckle 

along the edge of lipid droplets or vesicles, creating the flower-like architecture. Whether 

this hypothesis is correct and whether lipids can affect MT architecture in a cell will require 

more sophisticated tests to label lipids or remove all lipids in extracts. These questions 

constitute an interesting future area of research.

The observed MT networks are prevalent in cells. MT asters are common in many 

interphases and mitotic cells, such as zygotes and early blastomeres of Xenopus laevis 
and Zebrafish, and human fibroblasts.16,41 In these cells, either centrosomes or minus-end 

directed motor proteins drive the assembly of the asters, which underlies wide-ranging 

cellular functions, including cell division.1,7,41 On the other hand, the ring-shaped MT 

architecture resembles the cortical MTs typically seen in plant cells,42–44 which is essential 

for plant cell morphologies.43–45

MT nucleation with limited resources can lead to different MT architectures

A possible explanation for the variation from flowers, to asters, to multipolar arrays at 

larger droplet sizes and increasing Ran concentrations can be the competition between MT 

nucleation and limited resources. The higher the Ran concentration, the more MT nucleation 

is induced, while the limited resources are a consequence of confinement. Prior studies have 

suggested that the limited tubulin of confined extracts is the primary determinant of the 

size scaling of mitotic spindles.34,46 We thus focus our discussion of limited resources on 

tubulin, the basic structural unit of microtubules.

At a low Ran concentration, there are fewer MT nucleation events. Each MT has sufficient 

tubulin that guarantees its maximum growth. Thus, MTs with a longer average length 

favor the formation of long, bundled filaments, which is consistent with our observation 

at [Ran] = 5 μM (Fig. 3a and b). As the Ran concentration increases, a higher rate of 

MT nucleation leads to more MTs during the same amount of time. The tubulin available 
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in confined extracts could limit the full growth of all nucleated MTs. Consequently, the 

average length of the MTs becomes shorter than that at a lower Ran concentration. In these 

conditions, motors efficiently pack the shorter MTs into a single aster,15,16,37,47,48 which 

is also consistent with our observation at [Ran] = 10 μM (Fig. 4a and b). At [Ran] = 20 

μM, MTs assembled into multiple asters coexisting in a droplet (Fig. 4d). This phenomenon 

could be due to steric interactions among MTs that prevent excess MTs from packing into a 

single aster.

The experiment of deformed droplets (Fig. 6b and d) and counting EB1 spots (Fig. 5 and 

ESI,† Movie S6) support the hypothesis of limited resources. First, given the same droplet 

volume and Ran concentration, the MT networks exhibited almost identical architectures, 

despite having a more ovoid shape. A prior study reported similar observations,34 where 

confinement volume, not confinement shape, drives the spindle scaling due to the limiting 

pool of cytoplasmic components. Second, by counting EB1 spots at the same droplet size, 

we found more MTs nucleated at a higher Ran concentration. This finding is in line with the 

previous work, which showed that the activity of MT nucleation from MT organizing centers 

increases with Ran-GTP concentration.8

One particularly intriguing observation is the similar assembly process of single aster and 

multi-aster cases (Fig. 4a and d). This similarity suggests that scaling laws driven by 

MT nucleation rates could potentially map the assembly processes across different Ran 

concentrations. Despite some similarities, we also observed that the multi-aster network 

(Fig. 4d) remained up to t = 40 min rather than collapsed into one aster (ESI,† Fig. S2). 

After 40 minutes, the network started to disassemble, possibly caused by extracts losing 

the interphase activities. This observation suggested that the scaling could involve multiple 

factors in addition to the nucleation rate.

In conclusion, our results highlight the critical role of confinement in regulating MT 

network assembly. Most importantly, we show that MT nucleation is a major determinant 

of the resulting MT architecture in confined space. This factor has not been taken into 

account when working with stabilized MTs and motors. Our work suggests that more 

studies are needed to understand further how MT nucleation from defined locations and 

at precise times in a cell leads to a functional MT architecture. An interesting question 

to address in the future is also how MTs interact with confinement surfaces that are 

relevant in biology. Future research is necessary to understand how biologically relevant 

surface properties, e.g., surface stiffness, affect the MT network assembly. Last, our work 

illustrates a rather simple strategy to tune the architecture of MT networks by changing 

the confinement (droplet) size and nucleation stimulator (Ran) concentration. This strategy 

might have broader implications for soft material processing, where crystallization, driven 

by nucleation, determines many soft materials’ properties, such as orientation, grain size, 

and defect morphology.49–51 Our findings provide insights into how the control of this 

nucleation-driven process can guide the materials’ mechanical, electrical, and optical 

properties.
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Fig. 1. 
Experimental setup. (a) A snapshot of the microchannel design. The blue dashed boxes in 

(a) highlight: (b) the upstream flow-focusing channel for generating monodisperse, extract-

in-oil droplets; (c) the downstream chamber for collecting and imaging the droplets. (c) This 

wide-field image depicts the MT network architecture for D = 60 μm and [Ran] = 20 μM 

(same conditions as Fig. 4c) at time t = 14 min. (d) Schematics of a droplet confined in the 

microchannel, the definition of droplet diameter D calculated when the droplet is spherical, 

and the channel height H.
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Fig. 2. 
Unconfined MT networks and ring structure at small droplet size. (a) Confocal images 

showing MT networks (red) in unconfined extracts for Ran concentrations: 0 μM as a 

control, 5 μM, 10 μM, and 20 μM. The images were taken at time t = 14 min. The scale 

bar is associated with (a) only. (b and d) The assembly of ring-shaped MT networks in 

droplets with a diameter of D = 20 μm. The Ran concentration [Ran] ranges from (b) 5 μM, 

(c) 10 μM, to (d) 20 μM. (e) A schematic representing the assembly processes of the ring 

architecture. (f) Frequency of occurrence of different architectures. We tracked 107 droplets 

to generate the plot. Each color represents a specific architecture as indicated below.
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Fig. 3. 
Flower structure at [Ran] = 5 μM for D = 60 μm and D = 110 μm. (a and b) Confocal images 

showing the assembly of flower-shaped MT networks inside droplets. The Ran concentration 

is 5 μM, and the droplet diameters are (a) D = 60 μm and (b) D = 110 μm, respectively. 

(c) Schematics showing the assembly of the flower-shaped MT networks. (d) Frequency of 

occurrence of different architectures. We tracked 82 droplets to make the bar plot. Each 

color represents a specific MT network architecture below.
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Fig. 4. 
Aster MT networks. (a–d) Time-lapse confocal images showing the assembly of asters 

inside droplets. (e) Schematics showing the assembly of the asters. (f) Radon transform 

of the architectures at t = 7 min (top row) and t = 14 min (bottom row), respectively. (g) 

Frequency of occurrence of different architectures. We tracked 110 droplets to make the bar 

plot. Each color represents a specific MT network architecture shown below.
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Fig. 5. 
Using EB1 to interrogate MT densities in droplets. Ran concentrations drive MT numbers. 

(a and b) Representative confocal images in grayscale that show EB1 signals. The images 

were taken at t = 7 min for droplets with D = 60 μm. The Ran concentrations are: (a) [Ran] 

= 5 μM and (b) [Ran] = 10 μM. The bright spots correspond to the EB1 signal. The top 

panel is raw images, and the bottom panel is enhanced images after processing. At [Ran] = 

10 μM, rather than uniformly distributed inside the droplet, most EB1 dots are localized, as 

highlighted by the white dashed circles. (c) The number of EB1 spots counted at t = 7 min. 

The error bars represent one standard deviation, each constructed by at least six different sets 

of experiments at the given test condition.
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Fig. 6. 
Effect of inhibiting motor activities and droplet deformation. (a and b) Effect of inhibiting 

motor proteins in confined extracts. The droplets have a diameter of 110 μm. (a) The 

concentration of vanadate in the droplets is 500 nM. (b) The concentration of ciliobrevin 

is 5 μM. (c–e) Time-lapse confocal images showing the assembly of MT networks in 

compressed droplets at three Ran concentrations: (c) 5 μM, (d) 10 μM, and (e) 20 μM. For 

the compressed droplet, H/D ~ 0.4. The grey background highlights the compressed-droplet 

cases. The size of the compressed droplets in (c–e) is the same as an uncompressed droplet 

with D = 110 μm.
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Fig. 7. 
Regime maps summarizing our results. Regime maps summarizing the assembly of MT 

networks at steady state t = 14 min. The horizontal axis denotes the droplet diameter, and 

the vertical axis denotes the Ran concentration. The colored dashed boxes highlight different 

MT network architectures. Each MT architecture shown is the dominant one within the 

tested condition.
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