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condensates in vitro by varying synapsin domains and the condensate 
environment. We show that condensates formed by synapsin’s intrin-
sically disordered region (IDR) alone have reduced viscosity. In con-
trast, α- synuclein and two additional factors (crowding agents and 
SVs) significantly increase the viscosity of synapsin condensates. 
However, these factors have distinct effects on the interfacial ten-
sion of synapsin condensates: �e interfacial tension increases with 
polyethylene glycol (PEG) and decreases with SVs but remains unal-
tered with the partitioning of α- synuclein. Furthermore, we observe 
a marked maturation phenomenon in which the viscoelasticity of 
synapsin/α- synuclein condensates increases more than 1000- fold 
a�er a 20- hour incubation in whole cytosolic extract. Removing 
α- synuclein slows the maturation process, underscoring the im-
portance of α- synuclein in regulating the material properties of 
synapsin condensates.

Together, our results provide unprecedented quantitative under-
standing of synapsin condensates, highlighting an effective cellular 
control of condensate viscoelasticity via compositional modula-
tions. Moreover, we present MAPAC, a broadly applicable platform 
that allows intricate examinations of individual condensates in liv-
ing cells.

RESULTS

MAPAC allows direct measurements of synapsin 
condensates in live cells
To probe condensates in live cells, an electrode- containing micropi-
pette filled with intracellular buffer solution was positioned to break 
the plasma membrane near a condensate (Fig. 1A). Once the locally 
broken plasma membrane sealed to the edge of the pipette tip, 

Fig. 1. Development of MAPAC for condensate measurements in live cells. (A) Schematic representation of the MAPAC platform. (B) Testing the effect of aspiration 

pressure (blue) on cell membrane voltage recording (red) on a human embryonic kidney (HEK) 293T cell expressing mCherry- synapsin and α- synuclein (αSyn)–BFP (blue 

fluorescent protein). Fluorescence images of synapsin correspond to time points before (1) and after (2) break- in and before (3) and after (4) losing membrane seal. A 

transmitted- light image is included for time point (2). The voltage jumped to 0 mV before time point (4) due to an intentional ejection pressure that broke the membrane 

seal, followed by significant leakage of cytosolic fluorescence. (C) Fluorescence images showing a HEK 293T cell co- expressing mCherry- synapsin (magenta) and αSyn–

Halo (stained with JFX- 646; green). The arrow represents the micropipette positioned next to a condensate. (D) Fluorescence images of the synapsin/α- synuclein conden-

sate before (1) and after (2) micropipette break- in, during MAPAC (3), and after Vmem jumped to zero (4). (E) MAPAC recording of membrane voltage (red), aspiration 

pressure (blue), and normalized aspiration length (black) for the condensate in (D). The micropipette entrance of the condensate at Tc (dashed line) accompanied a volt-

age jump (ΔV). The gray shade represents Lp/Rp < 1. The blue shade is zoomed- in on the left. (F) Voltage recordings before and after a synapsin/α- synuclein condensate 

entered the tip of the micropipette. n = 41 cells. ****P < 10−4, paired t test. (G) ΔV measured on synapsin/α- synuclein condensates and synapsin/intersectin- SH3 conden-

sates (n = 5). **P < 10−2, Student’s t test. Scale bars, 5 μm. In box plots, the central lines denote the median, the boxes span the interquartile range (25 to 75%), and the 

whiskers extend to 1.5 times the interquartile range, same below.
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suction pressures were gently applied so that the nearby conden-
sate could flow into the tip of the micropipette for subsequent 
quantifications. To ensure accurate measurement of condensate 
deformation, the micropipette was bent near the tip so that the 
aspiration of the condensate would happen within the imaging 
plane (fig. S1A). Meanwhile, the recorded membrane voltage 
served as a sensitive monitor for the stability of the intracellular 
environment during MAPAC.

First, we tested the effect of aspiration pressure (Pasp) on the sta-
bility of voltage recording. Under frequent pressure perturbations 
that resemble those used to probe condensate material properties, 
the measured membrane voltage on human embryonic kidney 
(HEK) 293T cells was stable for tens of minutes until purposefully 
perturbed by an ejection pressure that broke the membrane seal (fig. 
S1B). A similar time window was maintained in cells over- expressing 
synapsin and α- synuclein (Fig. 1B), sufficient for extensive aspira-
tion measurements where each pressure step takes ~10 s. In addition 
to membrane voltage, the fluorescence of cytosolic proteins can be 
used as a secondary monitor for potential leakages at the cell mem-
brane (Fig. 1B).

In HEK 293T cells, the expression of synapsin alone was not suf-
ficient to drive condensate formation, likely due to the lack of client 
proteins and other neuronal components naturally occurring to 
promote phase separation at the nerve terminal (45). Co- expressing 
synapsin with α- synuclein or intersectin Src homology 3 (SH3) do-
mains robustly induced micron- sized synapsin condensates (Fig. 1C 
and fig. S1) (30). We focused our further study on a minimal system 
with HEK 293T cells co- expressing fluorescently tagged full- length 
synapsin 1 and α- synuclein due to their relevance in neurotransmis-
sion and synucleinopathies (Fig. 1C) (30). �ese cells typically have 
one (occasionally two) major condensate with a radius Rc = 1.5 ± 
0.6 μm (means ± SD, n = 74; fig. S1C), sufficient for accurate aspira-
tion measurements with patch- clamp micropipettes that have an 
opening diameter of ~1 μm (Fig. 1D and movie S1).

A�er breaking into the cell but before aspirating a condensate, 
the electrode- containing micropipette measures the resting voltage 
of the cell membrane (Vmem; Fig. 1E). On non- transfected cells, the 
recorded Vmem = −49 ± 6 mV (means ± SEM, n = 7; fig. S1D) was 
consistent with membrane potentials reported for healthy HEK 
293T (46). Cells expressing synapsin and α- synuclein showed a less 
polarized membrane potential (Vmem = −23 ± 2 mV; means ± SEM, 
n = 47; P < 0.01; fig. S1D), indicating an electrophysiological per-
turbation by the expressed neuronal proteins. A voltage jump (ΔV) 
was observed when synapsin/α- synuclein condensates entered the 
tip of the micropipette (Fig. 1E). �e measured ΔV = 15 ± 1.5 mV 
(means ± SEM, n = 41; P < 10−4; Fig. 1F) could be a result of either 
increased access resistance (fig. S2, A to D) or ionic leakage (fig. S2, 
E to H) due to the entrance of the condensate into the micropipette 
(47–49). Notably, the fluorescence of cytosolic synapsin and α- 
synuclein were stable during MAPAC (Fig. 1D and fig. S2), suggest-
ing the absence of macromolecular leakage. �e leakage of ions may 
stem from α- synuclein’s ability to remodel lipid bilayers (50), given 
that ΔV was more pronounced for synapsin condensates driven by 
α- synuclein than for those driven by the SH3 domains of intersectin 
(Fig. 1G; P < 0.01). �e robustness of MAPAC is not compromised 
by ionic leakage because the concentrations of intracellular ions are 
clamped during whole- cell patch- clamp (Supplementary Discus-
sion). On a technical note, ΔV can be used to aid label- free detec-
tions of condensates by the micropipette tip.

Synapsin condensates in cells are viscoelastic
During MAPAC, a single cellular condensate is gently drawn into 
the tip of the micropipette by applying a controlled aspiration 
pressure (Pasp). We then record the length of the condensate aspi-
rated inside the pipette (Lp) as a function of time (Fig. 1E and 
movie S1). By measuring the deformation of the condensate in re-
sponse to stepwise changes in Pasp, we gain direct insights into 
whether the condensate behaves like a viscous liquid that flows like 
honey, an elastic solid that deforms like rubber, or a viscoelastic 
material that shows both viscous and elastic features (Fig. 1E and 
fig. S1, E to H).

Across ~100 synapsin/α- synuclein condensates in HEK 293T 
cells, we observed material responses ranging from apparent viscous 
liquid (Fig. 2A, black) to viscoelastic liquid (Fig. 2A, red) and to ap-
parent elastic solid (Fig. 2A, blue). We found that a three- element 
viscoelastic liquid (Jeffreys) model is minimally required to explain 
all condensate responses observed in cells (Supplementary Discus-
sion and table S1) (51). �e model includes a viscous liquid compo-
nent (η1) that governs the long- term condensate response, in series 
with a viscoelastic solid component (E and η2) that determines the 
short- term response (Fig. 2B) (52). Under constant pressure, the 
time- dependent Lp (normalized to the micropipette radius Rp) fol-
lows Eq. 1

(

Lp

Rp

)

0
 is the normalized aspiration length before a stepwise pres-

sure change at time t0. �e model has three fitting parameters: A =
P

E
, 

B =
P

η
1

, and τ =
η2

E
. Here, P = Pasp − P

γ
, and P

γ
= 2γ

(

1

Rp

−
1

Rc

)

 is the 

capillary pressure that needs to be overcome to initiate condensate 
flow. In this model, an apparent elastic condensate (Fig. 2A, blue) 
will have an infinite viscosity, whereas an apparent viscous conden-
sate (Fig. 2A, black) can have zero elasticity. We assigned these ex-
treme cases using the resolution of our experiments (Supplementary 
Discussion). Notably, cellular condensates did not wet the inner wall 
of micropipettes: Condensates inside the micropipette formed a 
convex meniscus, could undergo necking instability, and did not 
leave behind any measurable fluorescence a�er leaving the micropi-
pette (fig. S3). Consistent with this non- wetting contact between the 
condensate and the micropipette, the long- term response of Lp un-
der constant pressure appeared linear (Figs. 1E and 2A) (39, 52).

Next, we measured the deformation (Lp/Rp) of condensates un-
der systematically varied steps of Pasp (Fig. 2C and movie S2). �e 
slopes of “Pasp versus B” and “Pasp versus A” give η1 and E, respec-
tively, whereas the intercepts give Pγ (Fig. 2, D and E). η1, E, and Pγ 
can then be converted to the viscosity, elasticity, and interfacial ten-
sion of the measured condensate (Supplementary Discussion) 
(52, 53). Notably, a two- parameter linear model can be applied to 
the long- term response of Lp (Fig. 2, B and C) (52). �e resulting 
Pasp versus B and Pasp versus A relations were indistinguishable from 
those of the full three- parameter model (Fig. 2, D and E, and fig. S4). 
By sacrificing the fitting for η2 (fig. S4F), a property not directly re-
lated to the material state of the condensate (51), the linear model 
reduced fitting errors, especially for data with low signal- to- noise 
ratio and for data where the pressure profile significantly deviated 

Lp

Rp

=

(

Lp

Rp

)

0

+ A

[

1−e
−
(t−t0)

τ

]

+ B
(

t− t0

)

(1)
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from a step function (fig. S4). �erefore, we used the linear model 
for all further analysis of cellular condensates.

Cellular synapsin condensates exhibited viscoelastic moduli that 
spanned more than four orders of magnitude (Fig. 2, F and G, black; 
n = 93) from pure liquid states that flow easily (viscosity < 102 Pa·s; 
no measurable elasticity) to apparent solid states that cannot be 
measurably deformed (viscosity of ~106 Pa·s and elasticity of ~105 Pa). 
�e viscoelasticity of cellular condensates were intrinsic proper-
ties of the condensate- forming proteins, as they were not signifi-
cantly affected by the choice of fluorescent tags (fig. S5, A and B) and 
did not depend on the resting potential of the cell (fig. S5, C to E). 
Furthermore, the measured viscoelasticity of synapsin/α- synuclein 
condensates did not correlate with either the size of the observed 
voltage jump (fig. S5F) or the time of each pressure step relative to 
the entrance of the condensate (fig. S5, G and H), confirming the 

lack of irreversible effects (e.g., leakage) on our MAPAC measure-
ments. Lastly, we did not observe significant enrichment of filamen-
tous actin around or inside synapsin/α- synuclein condensates (fig. 
S5, I and J), and the viscoelasticity of condensates was significantly 
higher than that of the surrounding cytoplasm (Fig. 2, F and G, 
green; n = 7; fig. S5K and movies S3 and S4), suggesting that our 
measurements of condensate viscoelasticity were not affected by the 
cytoskeleton.

�e measured interfacial tension of cellular condensates (γ = 
240 ± 220 pN/μm; means ± SEM; Fig. 2H and fig. S6) was not sig-
nificantly different from zero (P = 0.2), consistent with the low 
interfacial tension of protein condensates reported in vitro (38). �e 
uncertainties in interfacial tension correspond to a capillary pres-
sure Pγ (~1 kPa) that did not significantly affect aspiration pressures 
used for viscoelasticity measurements (10 to 50 kPa; Fig. 2C).

Fig. 2. Cellular synapsin condensates quantified by a three- element viscoelastic liquid model. (A) Representative responses of cellular synapsin condensates to a 

stepwise aspiration pressure. Black, apparent viscous liquid; red, viscoelastic liquid; blue, apparent elastic solid. The boxed area is magnified. (B) Top: The three- element 

viscoelastic liquid model. Bottom: Fitting of a representative condensate response to the full model (three- parameter; gray) or to a simplified linear model (two- parameter, 

red). B is the long- term shear rate; A is the normalized amplitude of the elastic response. (C) Top: Fluorescence images of a HEK 293T cell co- expressing mCherry- synapsin 

(magenta) and α- synuclein–Halo- JFX- 646 (green); arrow points to the condensate; scale bar, 5 μm. Middle: Kymograph of the aspirated part of the condensates. Bottom: 

Normalized aspiration length (black) in response to stepwise aspiration pressure (blue). (D and E) Aspiration pressures (Pasp) plotted against either the long- term shear 

rate B (D) or the normalized amplitude of elastic response A (E). Black and red markers represent results from the full model and the linear model, respectively. Lines are 

linear fits. (F to H) Material properties of cellular synapsin condensates. Condensate viscosity (F) was calculated from the slope of (D) (n = 93; black). Condensate elasticity 

(G) was calculated from the slope of (E) (n = 93; black), and 24 condensates with pure viscous response were assigned an elasticity of 500 Pa (Supplementary Discussion). 

The viscosity of cytoplasm is plotted in green (line, median; shade, interquartile range; n = 7), with the arrow representing nonmeasurable elasticity. The interfacial tension 

of condensates (H) was calculated from the intercepts of (D) and (E) (n = 77). P value from one- sample t test with 0.
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�e viscosity of cellular synapsin condensates (median of 5000 Pa·s; 
Fig. 2F) was significantly higher than the viscosity of protein con-
densates observed in vitro (1 to 1000 Pa·s) (38, 54). However, cellular 
condensates that appear highly viscoelastic may resemble disease- 
related solid aggregates, such as α- synuclein containing Lewy bodies 
(55, 56). Therefore, we next explore whether the partitioning of 
α- synuclein plays a role in determining the viscoelasticity of synap-
sin condensates in cells.

Condensate partitioning of α- synuclein dictates the 
viscoelasticity of synapsin condensates in cells

When α- synuclein and synapsin were heterogeneously expressed in 
HEK 293T cells, the condensate partitioning coefficient of α- synuclein 
(Π

αSyn; i.e., the concentration of α- synuclein in condensates relative 
to that in the dilute phase) spanned two orders of magnitude, from 
weakly depleted from condensates (Π

αSyn < 1) to highly enriched 
in the condensate phase (Π

αSyn > 10; fig. S7, A to C). In compari-
son, the condensate partitioning coefficient of synapsin (Πsynapsin) 
was more clustered (~10) and overall higher than Π

αSyn (P < 10−4; 
fig. S7C), reminiscent of the observation of α- synuclein being a 
client protein recruited to condensates formed by synapsin (30).

For synapsin/α- synuclein condensates with comparable Πsynapsin 
(10 ± 3), we found Π

αSyn to be an accurate prophecy of the conden-
sate’s viscoelastic response under MAPAC: Condensates with Π

αSyn ~ 1 
easily flowed under pressure; the flow of Π

αSyn ~ 5 condensates was 
~100 times slower, whereas condensates with Π

αSyn > 10 were barely 
deformable (Fig. 3A). Across 43 cells that co- expressed mCherry- 
synapsin and α- synuclein–Halo (stained with JFX- 646), the vis-
coelasticity of formed condensates strongly correlated with Π

αSyn 
[Fig. 3B and fig. S7D; Pearson’s correlation coefficient (r) = 0.84 
for viscosity and r = 0.74 for elasticity]. In contrast, the viscoelastic-
ity was not dependent on the apparent concentrations of α- synuclein 
in the cytosol (r = 0.08; fig. S7E) and was only weakly dependent 
on the apparent concentration of α- synuclein in the condensate 
(r = 0.39; fig. S7F), consistent with the partitioning coefficient being 
a better indicator of α- synuclein’s affinity toward the condensates 
(Supplementary Discussion) (8). Additionally, the measured vis-
coelasticity and partitioning coefficients were not strongly corre-
lated with the condensate radius (r = 0.14 for viscosity and r = 0.35 
for elasticity; fig. S7G), suggesting the condensates are homoge-
neous at the scale of MAPAC- induced deformations. Notably, fig. 
S7G also confirms the lack of optical artifacts induced by conden-
sate curvature (57).

A positive correlation (r = 0.68) was observed between Π
αSyn and 

Πsynapsin in cells (fig. S7H), indicating the presence of cellular fac-
tors that promoted heterotropic cooperativity between α- synuclein 
and synapsin. Consequently, Πsynapsin can also predict the visco-
elasticity of cellular condensates (Fig. 3C and fig. S7, I to K; r = 0.66 
for viscosity and r = 0.60 for elasticity) albeit less accurately com-
pared to Π

αSyn. Condensates with Π
αSyn ~ 1 but Πsynapsin > 30 showed 

strong viscoelastic features, while condensates with high values 
(>30) of both Π

αSyn and Πsynapsin were not measurably deformable 
(Fig. 3D). Linear combinations of Π

αSyn and Πsynapsin did not out-
perform Π

αSyn alone in predicting the viscoelasticity of cellular con-
densates (fig. S7L), consistent with the partitioning of α- synuclein 
being the main driver for the viscoelasticity of synapsin conden-
sates in cells.

Synapsin domains and crowding conditions regulate the 
viscosity and interfacial tension of synapsin condensates
To verify the effect of α- synuclein and to explore additional regula-
tors on the material properties of synapsin condensates, next, we 
explore synapsin condensates reconstituted in vitro (23). Full- length 
synapsin 1 (herea�er named “FL synapsin”) comprises a membrane- 
binding domain and an adenosine 5′- triphosphate (ATP)–binding 
domain at the N terminus, with an IDR at the C terminus (Fig. 4A) 
(23, 28). Purified FL synapsin spontaneously forms condensates 
under physiologically relevant conditions: 5 to 10 μM synapsin in 
150 mM NaCl, 3 to 10% PEG, molecular weight 8000 (PEG- 8000; 
herea�er named “PEG”), pH 7.4. While our cellular measurements 
(Figs. 1 to 3) focused on FL synapsin, in vitro studies have identified 
the IDR to be the main driver of the phase separation of synapsin: 
Deleting the IDR abolishes phase separation, while the purified IDR 
fragment can form condensates on its own (23). However, it is un-
clear whether condensates formed by the IDR are distinct, in their 
material properties, from those consisting of FL synapsin.

Using an optical tweezers- assisted droplet fusion assay (Fig. 4B) 
(38, 41), we found that the capillary velocity of IDR condensates 
(13.0  ±  0.6 μm/s) was more than 10 times faster than that of FL 
condensates (0.8 ± 0.1 μm/s; Fig. 4C; both under 10% PEG). Reduc-
ing the amount of PEG from 10 to 3% minimally affected the capil-
lary velocity of FL synapsin condensates (Fig. 4, B and C). Unlike 
synapsin FL, IDR did not form condensates under 3% PEG (fig. S8, 
A to D). IDR’s lower–phase separation propensity as compared to 
FL is consistent with the lack of condensates in HEK 293T cells that 
overexpress fluorescently tagged synapsin IDR and α- synuclein.

�e capillary velocity, which reports a ratio of interfacial tension 
to viscosity of the studied condensates, does not provide a direct 
measure of either material property (41). To address this, we applied 
MPA to synapsin condensates. All reconstituted synapsin conden-
sates wetted the inner wall of micropipettes (Fig. 4D) and the aspira-
tion length (Lp) changed with the square root of time (fig. S8E). 
Consistent with the droplet fusion assay (Fig. 4C), the responses of 
reconstituted synapsin condensates were not significantly different 
from those predicted for purely viscous liquids (39), suggesting con-
densate elasticities below 10 Pa (Supplementary Discussion). By 
analyzing synapsin condensates under various aspiration pressures 
(Pasp; Fig. 4E), we observed linear relations between the aspiration 
pressure and the effective shear rate (S; Fig. 4F). �e slope of Pasp 
versus S reports condensate viscosity (η; Fig. 4G), while the inter-
cept reports the interfacial tension of condensates (γ; Fig. 4H).

Under the same crowding condition (10% PEG), the viscosity of 
IDR condensates (η = 12.9 Pa·s; median, same below) was about 10 
times lower than that of FL condensates (112 Pa·s; P < 10−4), where-
as the interfacial tensions (γ) of the two types of condensates were 
comparable (P = 0.05). �ese results are consistent with the ~10- fold 
faster capillary velocity (γ/η) of IDR than that of FL synapsin con-
densates (Fig. 4C). However, with direct measurements by MPA, we 
now assign a clear role of the synapsin N- terminal region as a media-
tor of the condensate’s viscosity, rather than their interfacial tension. 
�e ~10- fold difference between the viscosity of FL and IDR synap-
sin condensates is significantly larger than expectations based on the 
proteins’ molecular mass [FL, 102.4 kDa; and IDR, 57.6 kDa; both 
tagged with enhanced green fluorescent protein (eGFP)] (58), con-
sistent with the N- terminal region’s ability to dimerize synapsin (59).

PEG is a commonly used crowding agent that facilitates phase 
separation of proteins (60, 61). We observed that reducing the 
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Fig. 3. The partitioning of α- synuclein dictates the viscoelasticity of synapsin condensate in cells. (A) Top: Wide- field fluorescence images of four HEK 293T cells 

co- expressing mCherry- synapsin (magenta) and α- synuclein–Halo labeled with JFX- 646 (green). Fluorescence intensity profiles across the condensate are plotted on the 

right of each image. These four condensates have similar partitioning of synapsin but markedly different partitioning of α- synuclein, from (1) to (4): Πsynapsin = 5.2, 9.7, 13.7, 

and 11.7 and Π
αSyn = 1.0, 1.8, 5.5, and 38, respectively. See fig. S7 for conversion from apparent partitioning measured from wide field to true partitioning measured from 

confocal microscopy. Bottom: Applied aspiration pressure step (blue) and corresponding response of each condensate (black). All graphs have the same scale in Pasp and 

Lp/Rp. The condensate increased in viscosity and elasticity from (1) to (4). (B and C) The relationships between the viscosity of 43 condensates as a function of Π
αSyn (B) or 

Πsynapsin (C). The elasticity of each condensate was colored according to the map. White condensates did not show measurable elastic response and was assigned an 

elasticity of 500 Pa. The gray line and shade represent the mean and SD of the system viscosity (η2/6) measured from the full model. (D) Top: Wide- field fluorescence im-

ages of two HEK 293T cells co- expressing mCherry- synapsin (magenta) and α- synuclein–Halo labeled with JFX- 646 (green), with fluorescence intensity profiles across the 

condensate plotted on the right of each image. From (1) to (2): Πsynapsin = 35 and 93 and Π
αSyn = 1.8 and 61, respectively. Bottom: Applied aspiration pressure step (blue) 

and corresponding response of each condensate (black). Error bars are SEM. Scale bars, 5 μm.
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concentration of PEG from 10 to 3% led to significant decreases in 
both the viscosity (η from 110 to 25 Pa·s; P < 10−4; Fig. 4G) and inter-
facial tension (γ from 100 to 23 pN/μm; P < 10−3; Fig. 4H) of FL synap-
sin condensates. However, the capillary velocity (γ/η = 0.89 μm/s in 
10% PEG and γ/η = 0.91 μm/s in 3% PEG) of condensates remained 
largely unaltered. �erefore, only measuring the capillary velocity (i.e., 
via droplet fusion) would have missed the significant effects of PEG 
on condensate material properties (for comparison, see Fig. 4C). 
Notably, PEG has been shown to reduce the fluidity of nucleoprotein 
condensates (60, 61), suggesting a universal crowder- mediated inter-
molecular attraction in protein condensates (60–63).

α- Synuclein increases the viscosity of synapsin condensates 
in a self- catalytic manner
To verify the observed effect of α- synuclein on the viscoelasticity of 
synapsin condensates in cells (Fig. 3), we added purified α- synuclein 

to FL synapsin condensates in vitro. As previously reported, α- 
synuclein colocalized with synapsin condensates (Fig. 5A) (30). �e 
partitioning of α- synuclein did not affect the wetting of condensates 
to micropipettes (Fig. 5B), and synapsin/α- synuclein condensates 
remained purely viscous within the timescale of our MPA measure-
ments (i.e., elasticity below our detection limit of 10 Pa; Fig. 5C and 
fig. S9). However, the viscosity of condensates significantly increased 
in the presence of α- synuclein (P < 10−3; Fig. 5D), whereas the in-
terfacial tension of synapsin condensates was not significantly per-
turbed (P = 0.08; Fig. 5E). �e effects of α- synuclein on the viscosity 
and interfacial tension of reconstituted synapsin condensates direct-
ly verify our observations in cells (Fig. 3B and fig. S5). �e increase 
in condensate viscosity suggests that α- synuclein reduces the dy-
namics of intermolecular contacts within the condensate phase (6), 
consistent with the reported attenuation of SV recycling in neurons 
that overexpress α- synuclein (31, 37, 64). Notably, this effect was 

Fig. 4. PEG increases both the viscosity and interfacial tension of synapsin condensates while the IDR of synapsin maintains a low condensate viscosity. 

(A) Domain diagram of FL synapsin. (B) Images showing the fusion of IDR (top) and FL (middle) synapsin condensates. Bottom: The relaxation of condensate aspect ratios. 

Gray curves are stretched- exponential fits. Open triangles: IDR, 10% PEG; open circles: FL, 10% PEG; close circles: FL, 3% PEG; same below. (C) Condensate fusion time 

versus condensate length. Capillary velocities: 13.0 ± 0.6 μm/s [IDR + 10% PEG; coefficient of determination (R2) = 0.93; n = 33 pairs], 0.8 ± 0.1 μm/s (FL + 10% PEG; 

R2 = 0.81; n = 34 pairs), and 1.3 ± 0.1 μm/s (FL + 3% PEG; R2 = 0.82; n = 76 pairs). The dashed line has a slope of 1. (D) Left: Transmitted- light image showing a micropipette- 

aspirated synapsin condensate (held by a second pipette). Right: Time- lapse images showing the flow of FL and IDR synapsin condensates under constant ejection pres-

sure (top and middle: Pasp = −300 Pa; bottom: Pasp = −250 Pa). Scale bars, 2 μm. (E) Aspiration pressure (blue) and normalized aspiration length (black) during MPA of FL 

and IDR synapsin condensates. The gray shades represent Lp/Rp < 1. (F) The relationship between aspiration pressure and shear rate S, defined as S = d(Lp/Rp)2/dt. Solid 

lines are linear fits (all R2 > 0.99). (G) Viscosity and (H) interfacial tension of FL (3% PEG, n = 13; and 10% PEG, n = 15) and IDR (10% PEG, n = 10) synapsin condensates 

measured by MPA. P values determined using one- way analysis of variance (ANOVA) followed by post hoc Tukey’s test. ***P < 10−3 and ****P < 10−4.
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Fig. 5. α- Synuclein increases the viscosity and strengthens the maturation of FL synapsin condensates in the cytosol. (A) Colocalization of eGFP- synapsin (green) 

and α- synuclein (magenta). Scale bar, 10 μm. (B) Time- lapse transmitted- light images of synapsin condensate with increasing concentration of α- synuclein. Dashed lines 

trace the change in Lp under −200 Pa. Scale bars, 2 μm. (C) Relation between aspiration pressure and shear rate measured on synapsin/α- synuclein condensates. The 

solid lines are linear fits. Effect of α- synuclein on the viscosity (D) and interfacial tension (E) of synapsin condensates. The partitioning of α- synuclein to (F) and the diam-

eter of (G) synapsin condensates with increasing molar ratio of α- synuclein to synapsin. (H) Aspiration pressure (blue) and normalized aspiration length (black) during MPA 

of the fresh state (T = 0.5 hours, time zero is the reconstitution time) and the matured state (T = 20 hours) of a synapsin condensate in the presence of 3 μM α- synuclein. 

(I) Same experiments as (H) except with the addition of cytosol (1 mg/ml). The zoom- in shows an elastic response of the matured condensate. (J) Viscosity versus time for 

condensates of synapsin + 3 μM α- synuclein (light magenta; n = 3), synapsin + 3 μM α- synuclein + cytosol (1 mg/ml; brown; n = 4), and synapsin + cytosol (1 mg/ml; 

green; n = 3). The solid lines are linear fits. (K) Same experiments as (I) except without α- synuclein. (L) Viscosity and elasticity of synapsin condensates. Circles represent 

in vitro condensates [black, synapsin only; magenta, synapsin + 9 μM α- synuclein; green, synapsin + 3 μM α- synuclein + cytosol (1 mg/ml), matured over 20 hours] with 

freshly prepared condensates assigned an elasticity of 10 Pa. Stars represent synapsin/α- synuclein condensates in cells with low (black) and high (magenta) partitioning 

of α- synuclein. P values determined using one- way ANOVA followed by post hoc Tukey’s test. **P < 0.01, ***P < 10−3, and ****P < 10−4.
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nonlinear: 3 μM α- synuclein caused less than twofold viscosity in-
crease, while a  ~50- fold increase in condensate viscosity was ob-
served in the presence of 9 μM α- synuclein (Fig. 5D).

Under low concentrations of α- synuclein, the protein’s affinity 
toward synapsin condensates can be evaluated via its condensate 
partitioning coefficient (Π

αSyn; Supplementary Discussion) (8). Π
αSyn, 

albeit larger than 1, was much lower than the condensate partitioning 
coefficient of synapsin (Πsynapsin) (Fig. 5F and fig. S10), consistent with 
the partitioning of these two proteins in cells (fig. S7C). Notably, Π

αSyn 
increased with α- synuclein concentration (Fig. 5F), suggesting a 
homotropic cooperativity between α- synuclein molecules in their 
partitioning to synapsin condensates (Supplementary Discussion). 
Meanwhile, Πsynapsin remained constant with increasing amount of 
α- synuclein (fig. S10D). �is cooperativity between α- synuclein is 
in line with the protein’s nonlinear effect on the viscosity of synapsin 
condensates (Fig. 5D). �e size distribution of condensates represents 
a balance between condensate interfacial tension and the mixing 
entropy of the system (13). �e size of synapsin/α- synuclein conden-
sates remained constant under a wide range of α- synuclein concentra-
tions (Fig. 5G), in agreement with the lack of α- synuclein effect on the 
interfacial tension of synapsin condensates in vitro (Fig. 5E) and in 
cells (fig. S6).

Synapsin condensates significantly mature in the cytosol, 
accelerated by α- synuclein
�e increase of synapsin condensate viscosity with the partitioning 
of α- synuclein in vitro (Fig. 5, D and F) qualitatively agrees with our 
observations in live cells (Fig. 3B). However, the “in vitro” and “in 
cell” results are quantitatively different: (i) �e viscosity of cellular 
condensates (10 to 106 Pa·s) spanned a three- order- of- magnitude 
wider range as compared to that in vitro (10 to 103 Pa·s). (ii) Most 
cellular condensates showed substantial elasticity (median of 104 Pa), 
whereas condensate elasticity was not detectable in vitro (<10 Pa). 
�ese large differences directly demonstrate the importance of live 
cell measurements in understanding the material properties of con-
densates in their natural environment.

We hypothesize that two key factors could have contributed to 
the quantitative discrepancy between the viscoelasticity of in vitro 
and cellular condensates: (i) Cellular condensates (measured 18 to 
24 hours post- transfection) have significantly longer maturation 
time as compared to in vitro condensates (measured within 2 hours 
of reconstitution). �is maturation of cellular condensates can lead 
to a significantly higher viscoelasticity, similar to the “aging” of 
PGL- 3 and Fused in Sarcoma (FUS) condensates (5). (ii) Cytosolic 
components absent from our in vitro reconstitution can significant-
ly increase the viscoelasticity of synapsin/α- synuclein condensates.

To test these hypotheses, we extended the in vitro measurements 
from ~2 to >20 hours a�er reconstitution (Materials and Methods). 
We first tracked individual synapsin/α- synuclein condensates under a 
common experimental condition [9 μM synapsin, 3 μM α- synuclein, 
3% PEG, 150 mM NaCl, 25 mM Tris- HCl, and 0.5 mM tris(2- 
carboxyethyl)phosphine (TCEP; pH 7.4)]. Over a 20- hour time 
window, we did not observe any measurable increase in condensate 
viscoelasticity (Fig. 5H and movie S5; viscosity of 17.9 ± 0.6 Pa·s at 
0.5 hour versus 17.7 ± 1.8 Pa·s at 20 hour; non- detectable elasticity 
at either time point). �ese data suggest that maturation time alone 
does not explain the large discrepancy between the viscoelasticity of 
in vitro and cellular condensates.

Next, we investigated the role of cytosolic components by adding 
human cytosol (at a final concentration of 1 mg/ml) to the previous 
experimental condition. Freshly prepared synapsin/α- synuclein con-
densates in cytosol behaved as purely viscous liquid with a viscosity 
(~10 Pa·s) comparable to those measured in the absence of cytosol 
(Fig. 5I), suggesting that the cytosol does not have an acute effect on 
condensate viscoelasticity. However, a marked increase in the visco-
elasticity of condensates was observed a�er extended incubation in 
cytosol: At ~20 hours, synapsin/α- synuclein condensates exhibited a 
viscosity of 106 Pa·s and an elasticity of 104 Pa (Fig. 5I and movie 
S6), resembling the most viscoelastic condensates observed in cells 
(Fig. 3B).

Notably, we found the change of condensate viscosity follows an 
approximate power- law over time: η ~  tβ, where the exponent “β” 
quantitatively describes the strength of the maturation effect. With-
out cytosol, the exponent for synapsin/α- synuclein condensates is 
indistinguishable from zero (β  =  −0.05  ±  0.08). In contrast, 
β = 2.9 ± 0.3 a�er the addition of cytosol (1 mg/ml; Fig. 5J), corre-
sponding to a viscosity that increases approximately cubically with 
time. In the absence of α- synuclein, the maturation of synapsin con-
densates weakened to β = 0.9 ± 0.1, with condensate viscosity in-
creasing ~50- fold and condensate elasticity only beginning to be 
measurable a�er ~20 hours of incubation (Fig. 5K). �e role of α- 
synuclein in promoting condensate maturation is consistent with 
the viscoelastic regulation of synapsin condensates by the partition-
ing of α- synuclein in cells (Fig. 3B).

�erefore, the partitioning of α- synuclein markedly increases the 
viscosity of synapsin condensates both in vitro and in living cells. 
However, the presence of cytosolic components and sufficient matu-
ration time are required to bridge the gap between the viscoelastic-
ity of condensates in vitro and in live cells (Fig. 5L).

SVs increase the viscosity but lower the interfacial tension of 
synapsin condensates

�e main physiological role of synapsin condensates is to organize 
the reserve pool of SVs in the presynaptic terminal (23). �erefore, 
the material state of synapsin condensates may directly affect SV re-
cycling and neurotransmitter release that are crucial for synaptic 
transmission. We found that SVs purified from rat brains (visual-
ized with the lipophilic FM 4- 64 dye) partition strongly into synap-
sin condensates (Fig. 6A) (26). Physiological concentrations of SVs 
[~50 nM vesicles; (30)] significantly increased the viscosity (P = 0.01) 
but decreased the interfacial tension (P < 0.01) of synapsin conden-
sates (Fig. 6, B to E, and fig. S11). �e increase in condensate viscos-
ity is consistent with SV’s ability to provide multivalent interactions 
that promote the phase separation of synapsin. With 46 nM SVs, 
some synapsin/SV condensates became irregularly shaped (fig. S11B), 
indicating a transition into viscoelastic states for those condensates. 
�e increase of condensate viscosity by SVs suggests that the parti-
tioning of SVs may slow down the transport of vesicles in the reserve 
pool, consistent with recent single- molecular tracking measure-
ments (26). �e reduction in the interfacial tension agrees with SVs’ 
tendency to enrich at the interface of synapsin condensates (26), 
indicating a role of SVs in mediating the morphological integrity of 
the reserve pool. Notably, measurements on condensates formed by 
a ternary mixture of synapsin/α- synuclein/SV suggested weak com-
petitions between the effects of α- synuclein and SV on synapsin 
condensates (fig. S12).
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DISCUSSION

MAPAC allowed us to carry out the first direct quantitative study of 
the material properties of condensates in living cells. We found that 
the viscoelasticity of cellular synapsin condensates spanned more 
than four orders of magnitude (Fig. 2) but was highly correlated 
with the partitioning of α- synuclein (Fig. 3). Coordinated with in vitro 
reconstitutions (Fig. 5), we identified a critical role of α- synuclein in 
directly regulating the material properties of synapsin condensates 
(Fig. 7A). Our results opened the door to understanding α- synuclein’s 
roles in regulating the dynamics of SV and neurotransmitter release 
(30, 31, 37, 64) and in mediating the formation of solid aggregates 
that are relevant to neurodegenerative diseases (e.g., Lewy bodies in 
Parkinson’s disease) (55, 56, 65–67).

Cellular synapsin condensates exhibit significantly higher elas-
ticity than those freshly reconstituted in vitro (Fig. 5L). �e elas-
ticity values of typical cellular synapsin/α- synuclein condensates 
resemble those of hydrogels formed by FUS and heterogeneous 
nuclear ribonucleoprotein A (hnRNPA) (~104 Pa) (68, 69), with 
the lowest elasticity values corresponding to purely liquid droplets 
and the highest elasticity values approaching those of rubber- like 
elastomeric proteins such as spider silk (>106 Pa) (70) and amy-
loid fibers of α- synuclein (~109 Pa) (71). Notably, the elasticity of 
cellular synapsin condensates (Fig. 2E) span a similar range as the 
stiffness of extracellular matrices (so� matrix of ~102 Pa and stiff 
matrix of >104 Pa) that can guide cell migration and differentia-
tion (72), suggesting a broad mechanobiological role of biomo-
lecular condensates.

Our in vitro study also identified that both cytosolic components 
and maturation time are critical in bridging the viscoelastic differ-
ences between in vitro and cellular synapsin/α- synuclein conden-
sates (Fig. 5L). While this maturation effect may depend on the type 
and concentration of the cytosol, neither maturation time nor cyto-
sol alone could significantly increase condensate viscoelasticity un-
der our experimental conditions (Fig. 5J). However, the cytosol 
provides an environment in which synapsin condensates signifi-
cantly mature over time. �is synergistic effect is further amplified 

by the presence of α- synuclein, allowing purely viscous condensates 
to mature into near elastic solids a�er ~20 hours of incubation in 
cytosol. Cytosolic components, such as reactive oxygen species and 
kinases, may change the oxidation or phosphorylation state of con-
densate proteins, leading to the crosslinking of condensate compo-
nents that exemplify as a maturation (or aging) phenomenon in 
which the viscoelasticity of condensates significantly increases over 
time. An exciting future direction would focus on identifying the 
exact molecular factors in the cytosol that promote the maturation 
of synapsin condensates.

Our measurements of cellular synapsin condensates also show 
that the morphology of condensates [such as sphericity; (73)] car-
ries little information about their material properties. Although the 
majority of synapsin condensates were spherical, their viscoelasticity 
varied markedly, from low- viscosity liquid that allows dynamic mo-
lecular exchange to apparent solid that resembles disease- associated 
inclusions, such as Lewy bodies (Fig. 3) (55, 56, 65). Unlike conden-
sate morphology, the partitioning of key regulatory proteins (i.e., 
α- synuclein) can be an accurate predictor of condensate material 
properties (Fig. 7A). Our cellular experiments were performed with 
the same cell line (HEK 293T), in a relatively narrow time window 
(18 to 24 hours post- transfection). However, subtle variations in cel-
lular components and maturation time can still result in substantial 
noise in the observed correlation between the viscoelasticity of con-
densates and the partitioning of α- synuclein (Fig. 3B). Posttranslational 
modifications such as phosphorylation may provide an additional 
layer of viscoelastic regulation. �is is particularly relevant in the 
case of synaptic activity, where upon activation a global series of 
phosphorylation events targets numerous proteins (74, 75), includ-
ing synapsin 1 and α- synuclein (76, 77). �ese phosphorylation 
events may affect the clustering of SVs in vertebrate synapses 
(35, 77, 78), further emphasizing the need for methods that allow 
direct in vivo quantification of viscoelasticity. To fully understand 
synapsin biology, future efforts need to focus on exploring the roles 
of SVs, disease- related α- synuclein mutations, posttranslational 
modifications, maturation time, and other cellular components in 

Fig. 6. SVs increase the viscosity but lower the interfacial tension of full- length synapsin condensates. (A) Colocalization of eGFP- synapsin (green) and SVs labeled 

with FM 4- 64 (orange). Scale bar, 10 μm. (B) Time- lapse transmitted light images showing the deformation of synapsin condensates with increasing concentration of SVs. 

Dashed lines trace the change in Lp under 400 Pa aspiration pressure. Scale bars, 2 μm. (C) Relation between aspiration pressure and shear rate measured on condensates 

of synapsin only (black), synapsin + 23 nM SVs (light orange), and synapsin + 46 nM SVs (orange). Effect of SVs on the viscosity (D) and interfacial tension (E) of synapsin 

condensates. P values determined using one- way ANOVA followed by post hoc Tukey’s test. **P < 0.01.
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modulating the material properties of synapsin condensates under 
physiological or pathological conditions.

�e liquidity of freshly prepared synapsin condensates can be 
fully controlled via biologically relevant factors in vitro. �e pres-
ence of α- synuclein, SVs, and PEG (mimicking the crowding condi-
tion of the cytoplasm) all render synapsin condensates more viscous 
while removing the N- terminal regions of synapsin reduces conden-
sate viscosity (Fig. 7B). Viscosity is a kinetic parameter that is gov-
erned by the dynamics of molecular interactions within the condensate 
(6), whereas interfacial tension is a thermodynamic parameter that 
depends on both the dense and the dilute phases (9). While factors 
that promote the phase separation of synapsin condensates gener-
ally increase condensate viscosity, they can have distinct effects on 
the interfacial tension of condensates: PEG increases, whereas SVs 
decrease the interfacial tension of synapsin condensates (Fig. 7B), 
highlighting the complexity of condensate interfaces (79). �e re-
duction of interfacial tension by SVs is in line with the effect of pro-
tein clusters that serve as Pickering agents (16) and with recent 
observations that lipid vesicles are prone to perturb the interface of 
condensates (80).

We did not observe statistical differences between the interfacial 
tension of synapsin/α- synuclein condensates in vitro and in cells 
(Fig. 5E and fig. S5). However, the large variation and ~10- fold high-
er mean value of the interfacial tension of cellular condensates may 
reflect biomolecular assemblies (e.g., cytoskeleton) at the conden-
sate interface that resisted the initial condensate deformation under 
MAPAC (81). Notably, a higher interfacial tension of cellular con-
densates may also suggest that the intracellular environment is more 
crowded than the reconstituted condition in vitro (3% PEG for 
synapsin/α- synuclein condensates; Fig. 4H).

While the viscosity of cellular condensates can be estimated via 
molecular diffusion measurements (e.g., FRAP, FCS, and single- 
molecule tracking), assumptions of molecular size, shape, and 
boundary conditions are needed to convert the measured diffusion 
coefficient to a nanoscale viscosity of the condensate (82). Viscosi-
ties at the nanoscale o�en significantly differ from the condensate’s 
bulk rheology (8, 83). �e MAPAC platform described here direct-
ly measures the overall viscoelasticity of single condensates in their 

native surroundings. MAPAC shares a large part of its hardware 
with patch- clamp, a well- established tool in electrophysiology, 
making it easily accessible to neuroscience, biophysics, and cell bi-
ology communities (44, 84). Moreover, the electrical recording 
capacity of MAPAC and the ease of micropipette- based single con-
densate extraction (movie S4) open the door to scrutinizing the 
coupling between electrical, mechanical, and chemical properties 
of condensates in live cells (47–49). �erefore, we expect MAPAC 
to be a widely accessible and powerful tool for quantitative under-
standing of a broad range of endogenous or pathological biomo-
lecular condensates in living organisms, from p granules, stress 
granules, to those formed by proteins that represent hallmarks of 
neurodegeneration (3, 4). Results from MAPAC can help illumi-
nate the molecular mechanisms that underlie neurodegenerative 
diseases, reveal how compositional changes affect phase- separated 
structures, and identify potential therapeutic targets to restore or 
modulate condensate functions.

Our study of synapsin/α- synuclein condensates was carried out 
in a minimal system in vitro and with ectopically generated conden-
sates in live HEK 293T cells. While these model systems allowed us 
to focus on dissecting molecular factors that determine the material 
properties of synapsin/α- synuclein condensates, future efforts will 
need to focus on measurements in neuronal synapses in vivo to bet-
ter understand the physiological functions of these condensates. �e 
typical opening diameter of micropipettes used in MAPAC is 0.5 to 1 
μm, best suited for studying cytosolic condensates with a diameter of 
>1.5 μm. While micrometer- sized condensates are widely observed 
in the literature (54 of the 58 surveyed condensates in table S2), 
quantifications of submicron or nuclear condensates in live cells are 
still challenging. Unlike in vitro quantifications, the interfacial ten-
sion of synapsin/α- synuclein condensates in cells showed large mea-
surement uncertainties (Fig. 2H and fig. S6). �is is partly due to the 
low resolution of the pressure system used for cellular measurements 
(resolution of ~100 Pa in cell versus ~1 Pa in vitro). �e compromise 
in resolution was needed to reach sufficiently large aspiration pres-
sure to break into the cell and to deform the highly viscoelastic con-
densates (Materials and Methods). �erefore, further developments 
should focus on nanoscale techniques that can easily penetrate the 

Fig. 7. The regulation of synapsin condensate material properties in vitro and in live cells. (A) An illustration showing that the partitioning of α- synuclein dictates 

the material state of synapsin condensates in cells. (B) Viscosity and interfacial tension of in vitro synapsin condensates. Closed circles represent FL only (black), FL + 9 μM 

α- synuclein (magenta), or FL + 46 nM SVs (orange) in 3% PEG. Open markers represent FL (circle) and IDR (triangle) in 10% PEG. Error bars are SEM. Each dashed line cor-

responds to a constant capillary velocity (i.e., interfacial tension/viscosity).
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cell surface and supply large pressure (>10 kPa) with high preci-
sion (<1 Pa).

MATERIALS AND METHODS

Cell culture and transfection
HEK 293T cells (American Type Culture Collection) were grown in 
Dulbecco’s modified Eagle’s medium (11995065, �ermo Fisher Sci-
entific) enriched with 10% fetal bovine serum (FB12999102, Fisher-
brand) and 1% penicillin- streptomycin (15140122, �ermo Fisher 
Scientific). Approximately 1 million cells were seeded into a 100- mm 
plastic dish. �e cells were maintained in an environment at 37°C, 
with 5 to 10% CO2 and 100% relative humidity.

A total of 300,000 cells were seeded onto a 35- mm glass bot-
tom dish (D35- 20- 1.5- N, Cellvis) precoated with Matrigel Matrix 
(47743- 715- EA, Corning Life Sciences) for transfection. Twenty- 
four hours a�er seeding the cell, a mixture of 250 μl Opti- MEM, 5 μl of 
P3000 reagent, 7.5 μl of Lipofectamine reagent, 1.5 μg of mCherry–
synapsin 1 plasmid (30), and 1 μg of α- synuclein–Halo (85) or 
α- synuclein–BFP (blue fluorescent protein) (30) plasmid was added 
to the dish. Imaging and MAPAC experiments were done 18 to 
24 hours after transfection. Before imaging, α- synuclein–Halo–
expressing cells were incubated with 1 μM JFX- 646 HaloTag Ligand 
(86) for 15 min, and the cell culture medium was replaced with an 
extracellular imaging buffer (XC buffer). �e XC buffer contained 
140 mM NaCl, 5 mM KCl, 10 mM Hepes, 10 mM glucose, 2 mM 
MgCl2, and 2 mM CaCl2, at a pH of 7.4. All chemicals were ordered 
from Sigma- Aldrich.

MAPAC experiments
Different from MPA measurements in vitro, micropipettes used in 
MAPAC were pulled into a cylindrical tip with an opening diameter 
of 0.5 to 1 μm (PUL- 1000, World Precision Instruments). �e tip was 
then bent to an angle of ~40° using a microforge (DMF1000, World 
Precision Instruments). �e micropipette was filled with an intracel-
lular buffer (126 mM K- gluconate, 4 mM KCl, 10 mM Hepes, 2 mM 
Mg- ATP, 0.3 mM Na2–guanosine 5′- triphosphate, 10 mM phospho-
creatine, final pH 7.2, osmolarity of 270 to 290 mosmol; all chemicals 
were ordered form Sigma- Aldrich) and mounted to a headstage that 
is connected to an Axon 700B amplifier (Molecular Devices) and to 
a homemade pressure recording device using an Arduino (UNO R3, 
ELEGOO) controlled pressure sensor (B07N8SX347, FTVOGUE, 
resolution of 100 Pa). �e micropipette was then inserted into a dish 
with HEK 293T cells expressing fluorescently labeled condensates 
under the voltage clamp mode. Typical resistance of the micropipette 
was 25 to 65 megohms. A small ejection pressure (~−1 kPa) was 
applied to the micropipette until the pipette tip reached the targeted 
cell. �en, a suction pressure was maintained in the micropipette to 
form a giga seal near a targeted condensate. Next, the electrical 
recording was switched to current clamp mode (with I = 0) and sud-
den suction pressure pulses of >10 kPa were applied to break into the 
cell. A�er successfully breaking into the cell, the resting membrane 
voltage was recorded. On healthy HEK 293T cells, reported resting 
membrane voltage is around −40 mV (46). To characterize conden-
sate properties under whole- cell patch- clamp mode, suction pres-
sures were applied so that the nearby condensate could flow into the 
tip of the micropipette for subsequent measurements of condensate 
material properties. Liquid junction potentials were not compen-
sated for in reported cell membrane potential measurements. �e 

voltage recordings were processed through a 2- kHz filter, digitized 
at a rate of 10 kHz, and collected using Clampex 10.2 software 
(Molecular Devices).

Protein expression and purification
eGFP–synapsin 1 and eGFP–synapsin 1 IDR
Both proteins were expressed in Expi293F cells (Thermo Fisher 
Scientific) for 3 days following enhancement and was purified as 
described previously (23, 30). In short, cells were lysed in a buffer 
that contained 25 mM Tris- HCl (pH 7.4), 300 mM NaCl, 0.5 mM 
TCEP (buffer A) supplemented with EDTA- free Roche cOmplete pro-
tease inhibitors, 25 mM imidazole, deoxyribonuclease I (10 μg/ml), 
and 1 mM MgCl2. All purification steps were carried out at 4°C. Debris 
was removed by centrifugation for 1 hour at 20,000g. For affinity 
purification, the soluble supernatant was applied on a Ni- NTA col-
umn (HisTrapHP, Cytiva, ÄKTA pure 25M) for binding. A�er a wash 
step (buffer A with 40 mM imidazole) and elution (buffer A with 
400 mM imidazole), proteins were concentrated and subjected to 
size exclusion chromatography (Superdex 200 Increase 10/300, GE 
Healthcare, ÄKTA pure 25M) in 25 mM Tris- HCl (pH 7.4), 150 mM 
NaCl, 0.5 mM TCEP. Proteins were snap frozen in liquid nitrogen and 
stored at −80°C until further use.
α- Synuclein WT and α- synuclein A140C
For condensate partitioning experiments (Fig. 5, F and G, and fig. 
S10), untagged human α- synuclein and α- synuclein–A140C were 
expressed from pET28a vector (Novagen). In brief, a 1- liter expres-
sion culture (LB; tryptone, 10 g/liter; yeast extract, 5 g/liter; and 
NaCl, 5 g/liter) supplemented with kanamycin (50 μg/ml) was in-
oculated with an overnight preculture to achieve a final optical den-
sity at 600 nm (OD600) of 0.1. Cells were incubated at 37°C, and 
protein expression was induced at an OD600 of 0.7 to 0.8 with 1 mM 
isopropyl- β- d- thiogalactopyranoside (IPTG). Cells were shi�ed to 
18°C and incubated overnight while shaking. Upon expression, cells 
were harvested by centrifugation (7000g for 15 min at 4°C).

For α- synuclein purification, the pellet was resuspended in 20 ml 
of ice- cold phosphate- buffered saline (PBS; Gibco, 10010015) sup-
plemented with protease inhibitors (cOmplete EDTA- free, Roche) 
and a spatula tip of lysozyme (A3711, AppliChem). Suspension was 
subjected to lysis in a French press. �e lysate was cleared by cen-
trifugation (30 min at 50,000g at 4°C). Nucleic acids were precipi-
tated by adding streptomycin sulfate (S6501, Sigma- Aldrich) to a 
final concentration of 10 mg/ml with constant agitation for 30 min 
at room temperature.

For purification of the α- synuclein–A140C variant, 1 mM dithio-
threitol (DTT) was added. Subsequently, the nucleic acids were 
pelleted by centrifugation (30 min at 50,000g and at 4°C). �e super-
natant was transferred to a clean glass beaker, and proteins were pre-
cipitated by slowly adding ammonium sulfate to a final concentration 
of 0.36 g/ml with constant agitation for 60 min at 4°C. Proteins were 
collected by centrifugation for 30 min at 50,000g (4°C). �e pellet 
was resuspended in 10 ml of PBS and boiled for 20 min. A�er cen-
trifugation (30 min at 50,000g, 4°C), the α- synuclein containing 
supernatant was subjected for dialysis against 5 liters of 15 mM Tris 
base solution overnight (132655T, Spectrum Labs Spectra/Por1, 
6-  to 8- kDa MWCO Standard RC). For dialysis and subsequent ion 
exchange chromatography of α- synuclein–A140C variant, 1 mM 
DTT (final concentration) was used in all steps. �e dialyzed pro-
tein solution was subjected to anion exchange chromatography 
(HiPrep Q FF 16/10, Cytiva, ÄKTA pure 25M) in 25 mM Tris- HCl 
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[pH 7.7; Ion Exchange Chromatography (IEX) Buffer]. Elution was 
performed stepwise against 25 mM Tris- HCl (pH 7.7) containing 
500 mM NaCl (IEX- HIGH). First, unwanted material was washed 
out with 30% IEX- HIGH. Second, α- synuclein was eluted with 50% 
IEX- HIGH (=250 mM NaCl). Elution fractions were analyzed by 
SDS–polyacrylamide gel electrophoresis (18% gel). Fractions con-
taining α- synuclein were concentrated (Amicon Ultra 4 3- kDa 
MWCO, Merck Millipore) and subjected to size exclusion chroma-
tography (Superdex 200 Increase 10/300, GE Healthcare, ÄKTA 
pure 25M) in 25 mM Tris- HCl (pH 7.4), 150 mM NaCl, and 0.5 mM 
TCEP. α- Synuclein concentration was determined at 280 nm by us-
ing a molar extinction coefficient of 5960 M−1 cm−1. Proteins were 
snap frozen in liquid nitrogen and stored at −80°C until further use.

For MPA measurements (Fig. 5, A to E and H to J, and fig. S9), 
α- synuclein was expressed using the pT7- 7 α- synuclein wild- type 
(WT) vector (Addgene, no. 36046) in BL21(DE3) bacteria [New 
England Biolabs (NEB)]. Briefly, 50 ml of starter cultures of LB me-
dium (�ermo Fisher Scientific, BP1426- 2) with ampicillin (50 μg/
ml; �ermo Fisher Scientific, BP1760) were inoculated with freshly 
picked colonies and grown overnight (37°C, 160 rpm). �e starter 
cultures were used to inoculate 1- liter flasks of fresh LB with ampi-
cillin and grown at 37°C (180 rpm) until the OD600 measured 0.6 to 
0.8. Expression was induced with 1 mM IPTG (Teknova, I3325) and 
grown in the incubator overnight (20°C, 160 rpm), a�er which cells 
were subsequently harvested by centrifugation (4000 rpm, 4°C, 
30 min) and stored at −80°C until use.

α- Synuclein–A140C was generated from the pT7- 7 α- synuclein 
WT vector using the Q5 Site- Directed Mutagenesis Kit (NEB, 
E0554) according to the manufacturer’s instructions. Primers were 
designed using the NEBaseChanger tool, and the sequences used 
were as follows: 5′- CGAACCTGAATGCTAAGAAATATCTTTGC- 
3′ and 5′-  TAGTCTTGATACCCTTCC- 3′.

α- Synuclein purification was accomplished by suspension of the 
bacterial pellet in fresh PBS (�ermo Fisher Scientific, BP2944), fol-
lowed by sonication on ice (15 s on, 30 s off; eight cycles total). �e 
solution was then boiled, followed by centrifugation to clear the ly-
sate (20,000 rpm, 4°C, 30 min). Streptomycin sulfate (�ermo Fish-
er Scientific, BP910- 50) was added to the supernatant to a final 
concentration of 10 mg/ml and mixed at 4°C for 30 min, followed by 
centrifugation using the same conditions as before. �e protein was 
precipitated from the supernatant by adding ammonium sulfate 
(�ermo Fisher Scientific, BP212- 212) to a final concentration of 
0.361 g/ml and mixing at 4°C for 1 hour. �e protein was pelleted by 
centrifugation, and the protein pellet was resuspended in buffer A 
[32.2 mM Tris base (pH 7.8)]. α- Synuclein was purified via fast pro-
tein liquid chromatography (Cytiva ÄKTA Pure) using HiTrap Q 
HP anion exchange columns (Cytiva) and eluted at 50% buffer B 
[32.2 mM Tris base and 500 mM NaCl (pH 7.8)]. Final proteins 
were aliquoted, flash frozen in liquid nitrogen, and stored at −80°C 
until use. α- Synuclein- A140C was purified in the same way as de-
scribed above, but with the addition of 1 mM DTT.

To label α- synuclein–A140C, first, the protein solution was centri-
fuged at 16,000g for 30 min with a 3- kDa cutoff filter (Amicon Ultra 
Centrifugal Filter, 3- kDa MWCO, Merck Millipore) to remove previ-
ous buffer. �e centrifugation step was repeated, when necessary, 
to reach a targeted protein concentration of 2 mg/ml in PBS. Next, the 
protein solution was centrifuged at 16,000g for 10 min with a 100- kDa 
cutoff filter (Amicon Ultra Centrifugal Filter, 100- kDa MWCO, 
Merck Millipore) to remove potential protein aggregations. �en, 

the protein solution was incubated with 2× excess Alexa Fluor 647 C2 
Maleimide (Invitrogen) for 2 hours at room temperature. Next, the 
protein dye mixture was passed through a desalting column (Zeba 
Spin Desalting Columns, �ermo Fisher Scientific) to remove excess 
dye. �e concentration of labeled protein and degree of labeling were 
determined by NanoDrop (Invitrogen NanoDrop One, Thermo 
Fisher Scientific). WT α- synuclein was mixed with Alexa Fluor 
647–labeled α- synuclein–A140C in a 10:1 ratio in all in vitro mea-
surements involving fluorescently labeled α- synuclein.

Preparation of cytosol and SVs
To test the effect of cytosol on the synapsin condensates, commer-
cially available human cytosol (Gibco, no. HMCYPL) was used to 
mix with synapsin. �e cytosol was stored at −80°C until use. Before 
the sample preparation, the cytosol was quickly thawed in 37°C wa-
ter bath and then put on ice before mixing with other in vitro 
components.

SVs were isolated according to previous publications (30). Briefly, 
20 rat brains were homogenized in ice- cold sucrose buffer [320 mM 
sucrose and 4 mM Hepes- KOH (pH 7.4) supplemented with 0.2 mM 
phenylmethylsulfonylfluoride and pepstatin A (1 mg/ml)]. Debris 
was removed by centrifugation (10 min at 900g, 4°C), and the result-
ing supernatant was further centrifuged (10 min at 12,000g, 4°C). 
�e pellet containing synaptosomes was washed once, and synapto-
somes were lysed by hypo- osmotic shock. Free, released SVs were 
obtained a�er centrifugation of the lysate for 20 min at 20,000g, 
4°C. �e supernatant containing the SVs was further ultracentri-
fuged for 2 hours at 230,000g, resulting in a crude SV pellet. Subse-
quently, SVs were purified by resuspending the pellet in 40 mM 
sucrose followed by centrifugation for 3 hours at 110,880g on a con-
tinuous sucrose density gradient (50 to 800 mM sucrose). SVs were 
collected from the gradient and loaded to size exclusion chromatog-
raphy on glass beads (300- nm diameter) and equilibrated in glycine 
buffer [300 mM glycine and 5 mM Hepes (pH 7.40), adjusted using 
KOH]. �is allows for the separation of SVs from residual larger 
membrane contaminants. SVs were pelleted by centrifugation for 
2 hours at 230,000g and resuspended in sucrose buffer by homogeni-
zation before being aliquoted into single- use fractions and snap fro-
zen in liquid nitrogen until use. All animal housing and experiments 
were approved by the Institutional Animal Welfare Committees of 
the State of Berlin, Germany, and Charité University Clinic (Berlin, 
DE), as well as State of Lower Saxony, Germany, and Max Planck 
Institute for Multidisciplinary Sciences (Göttingen, DE).

Condensate fusion experiments
An optical tweezers- assisted fusion assay was carried out and ana-
lyzed following the protocol that we previously described (38). Two 
condensates were independently trapped by a pair of separate opti-
cal tweezers at minimal power (Tweez305, Aresis, Slovenia; mounted 
on a Nikon Ti2- A inverted microscope). The fusion events were 
captured at 20 Hz with a 60× water objective. MATLAB R2020b was 
used to analyze the captured images. �e images were fitted to a 
Gaussian ellipse. �e aspect ratio (AR), which is the ratio between 
the major and minor axes of the ellipse, was plotted over time (Fig. 
4B). �e time of fusion τfusion was deduced by fitting the relaxation 
in AR to a stretched exponential decay (87)

AR =

(

AR0−1
)

e

(

−
t

τfusion

)1.5

+ 1
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�e condensates’ length was designated as the geometric mean of 
the condensate diameters before fusion. �e ratio of viscosity over 
interfacial tension was calculated from the slope of the fusion time 
versus length (Fig. 4C).

MPA experiments in vitro
�e MPA experiments were carried out on a Ti2- A inverted fluores-
cence microscope (Nikon, Japan) equipped with a motorized stage 
and two motorized four- axis micromanipulators (PatchPro- 5000, 
Scientifica) and a multi- trap optical tweezers (Tweez305, Aresis, 
Slovenia) according to the protocol that we reported previously (38) 
with minor modifications. Micropipettes were made by pulling glass 
capillaries using a pipette puller (PUL- 1000, World Precision In-
struments). �e pipette tip was then cut to achieve an opening di-
ameter ranging from 2 to 5 μm. Subsequently, the pipette was bent 
to an angle of ~40° using a microforge (DMF1000, World Precision 
Instruments), as shown in fig. S1A.

�e micropipette was filled with the same buffer as the buffer for syn-
apsin [25 mM Tris- HCl, 150 mM NaCl, and 0.5 mM TCEP (pH 7.4)] 
using a MICROFIL needle (World Precision Instruments). The 
filled micropipette was then mounted onto a micromanipulator. �e 
rear end of the pipette was connected to an automatic pressure controller 
(Flow- EZ, Fluigent; pressure resolution of 1 Pa). �e MPA experiments 
were conducted in glass- bottom dishes (D35- 20- 1.5- N, Cellvis), under 
bright- field illumination to minimize potential artifacts associated with 
fluorescence excitation. Fluorescence images were taken a�er MPA 
experiment to confirm the protein species. Typically, optical tweezers- 
assisted condensate fusion experiments were first carried out to achieve 
a large (>5 μm) condensate for easier MPA measurements and analysis. 
A secondary micropipette was used to hold the condensate during 
MPA. To minimize sample evaporation, 1.5 ml of Milli- Q water was 
added to the edge of the dish. �e dish and the micropipettes were 
covered with a thin plastic wrap (Stretch- tite, Kirkland) to minimize 
air exchanging between the sample and the environment. �e same 
micropipettes were used to track a condensate for long period of 
time (~20 hours).

We observed that in vitro synapsin condensates always wet the 
inner wall of uncoated micropipettes. �erefore, the analysis of the 
MPA data follows the protocol described in reference (39). Briefly, 
normalized aspiration length (Lp/Rp) was segmented according to 
the pressure steps. For each segment, the slope of a linear fitting of 
(Lp/Rp)2 versus time gives the effective shear rate S. �en, the slope 
of Pasp versus S gives the 4η, and the intercept gives 2γ/Rp. All in vitro 
MPA measurements were done with 9 μM FL synapsin in 3% PEG, 
150 mM NaCl, 25 mM Tris- HCl, and 0.5 mM TCEP (pH 7.4), 
except that 9 μM IDR and/or 10% PEG were used in noted condi-
tions of Fig. 4 and additional components were included as noted in 
Figs. 5 and 6.

Condensate partitioning measurement
For in vitro partitioning measurements (Fig. 5, F and G, and fig. 
S10), eGFP–synapsin 1, PEG- 8000, sample buffer, and (if required) 
maleimide- labeled α- synuclein (A140C)–647 were mixed in a reac-
tion tube (final volume of 10 μl). From there, the sample was pipet-
ted onto a glass bottom microscopy dish for imaging immediately. 
�e sample solution consisted of 5 μM FL synapsin, 3% PEG, 150 mM 
NaCl, 25 mM Tris- HCl, and 0.5 mM TCEP, (pH 7.4) with varying 
concentrations of α- synuclein (A140C)–647 as indicated in the 
section “α- Synuclein increases the viscosity of synapsin condensates 

in a self- catalytic manner” and the corresponding figures (Fig. 5, F 
and G, and fig. S10). Each condition was assessed in at least three 
independent reconstitutions.

�e microscopy data were acquired at the Advanced Biomedical 
Imaging (AMBIO) Facility at Charité Medical Center, using the 
Eclipse Ti Nikon Spinning Disk Confocal CSU- X, equipped with 2 
EM- CCD cameras (Andor iXon 888- U3 ultra EM- CCD), Andor 
Revolution SD System (CSU- X), objectives PL APO 60/1.4 numeri-
cal aperture (NA) oil immersion lens. Z- stacks (step size, 0.3 μm) 
were acquired with piezo stage z- motor at two different wave-
lengths [488 nm for eGFP–synapsin 1 and 638 nm for α- synuclein 
(A140C)–647] a�er loading the sample onto the surface of the mi-
croscopy dish over a duration of 15 min. Each z- series was imaged 
twice at two different laser intensities. �e lower intensity was al-
ways used for the analysis. �e exposure times were set to 200 ms 
(488 nm) and 100 ms (638 nm), and the electron multiplying (EM) 
gain (30 MHz at 16- bit) multiplier was set to 300 during all these 
experiments. NIS Elements 5.21.02 so�ware was used to acquire the 
microscopy data. Fiji ImageJ [National Institutes of Health (NIH)] 
was used to analyze the data.

For the diameter analysis, the equatorial z- plane of most conden-
sates was selected. �en, the area (square micrometers) of all con-
densates within 60 μm of the edge of the sample solution was 
quantified by applying a Gaussian blur (Sigma: 2.00 pixels) and gen-
erating a binary image using the Otsu algorithm, based on the im-
ages from the synapsin channel. Only particles with a circularity of 
≥0.9 were included in the analysis. �e diameter of the analyzed 
condensates was calculated on the basis of the measured area.

For the analysis of the raw and relative fluorescence intensities 
(partitioning coefficient), a squared section of ~40 μm by 40 μm was 
generated, and the equatorial z- plane was chosen for analysis. Here, 
the regions of interest (ROIs) were selected by applying a Gaussian 
blur (Sigma: 2.00 pixels) and generating a binary image using the 
Otsu algorithm, based on the images from the synapsin channel, 
only including particles with a circularity of ≥0.9 in the analysis. 
�en, 10 additional ROIs of similar size to the condensates were 
placed in the dilute phase on the same z- plane, and the mean fluo-
rescent intensities for each ROI (both condensates and dilute phase) 
were measured at both wavelengths. A correction value, accounting 
for the background fluorescence detected by the camera in the ab-
sence of any fluorophore, was subtracted from every readout value, 
and the mean- corrected fluorescence intensities were calculated for 
both channels in the condensates and the dilute phase. �e parti-
tioning coefficients for both proteins were computed by dividing 
each condensate’s corrected mean fluorescence intensity by the 
mean- corrected fluorescence intensity in the dilute phase for the 
same corresponding image.

For the partitioning coefficient of cellular condensates, first con-
focal and wide- field fluorescence images of the same condensate- 
containing HEK 293T cells were taken on a Zeiss Axio Observer 7 
inverted microscope equipped with an LSM900 laser scanning 
confocal module and using a 63×/1.4 NA plan- apochromatic, oil- 
immersion objective. �e images were then analyzed using ImageJ.  
As shown in fig. S7A, the condensate partitioning coefficient (Π) 
is defined as the background- corrected mean fluorescence of in 
the condensate (Icondensate) divided by the background- corrected 
mean fluorescence of the surrounding cytosol (Icytosol) for the stud-
ied proteins. The background was measured as the mean extra-
cellular fluorescence
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�e partitioning coefficients measured with confocal and wide- 
field microscopy for the same condensates were used to establish a 
conversion function between Πconfocal and Πwide−field (fig. S7B). �e 
conversion function (Πconfocal = 6.7Πwide−field − 5.7) was used to as-
sign pseudo- confocal partitioning coefficients on condensates mea-
sured in MAPAC with a wide- field configuration.
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