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ABSTRACT 

By repurposing the recently popularized expansion microscopy to control the meshwork size of 

hydrogels, we examine the size-dependent suppression of molecular diffusivity in the resultant 

tuned hydrogel nanomatrices over a wide range of polymer fractions of ~0.14−7 wt%. With our 

recently developed single-molecule displacement/diffusivity mapping (SMdM) microscopy 

methods, we thus show that with a fixed meshwork size, larger molecules exhibit more impeded 

diffusion, and that for the same molecule, diffusion is progressively more suppressed as the 

meshwork size is reduced, and this effect is more prominent for the larger molecules. Moreover, 

we show that the meshwork-induced obstruction of diffusion is uncoupled from the suppression 

of diffusion due to increased solution viscosities. Thus, the two mechanisms, respectively being 

diffuser-size dependent and independent, may separately scale down molecular diffusivity to 

produce the final diffusion slowdown in complex systems like the cell. 
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TEXT 

Introduction 

Molecular diffusion underlies vital physical and chemical processes that govern the dynamic 

behaviors of non-equilibrium systems, including the living cell.1-5 However, it remains unresolved 

how and why the intracellular molecular diffusivity scales with the diffuser size.6-11 Whereas 

current models often assume that for molecules <~30 kDa, the intracellular diffusion coefficients 

D are ~25% of that in vitro (Dcyto/Dwater ~0.25), and that this ratio drops substantially to <~0.05 for 

molecules >~50 kDa,1,5,8 we and collaborators have recently shown that in the mammalian cell, 

the diffusion of small (<~1 kDa) molecules is only modestly suppressed to Dcyto/Dwater ~0.7,11 and 

that in the bacterial cytoplasm, Dcyto/Dwater drops slowly over the 20-300 kDa range.10  

Suppressed intracellular diffusion beyond that is expected from the modestly (20-40%) 

higher viscosity of the cytosol over water12 is often attributed to obstruction from the nanoscale 

architectures in the cell. An earlier study has shown that nanomatrices/meshworks formed by 

crosslinked actin filaments partly recapitulate the diffuser size-dependent slowdown of diffusion, 

so that at 8 mg/mL (~0.8 wt%) actin, substantial suppressions of D are observed for large DNA 

molecules.7 In contrast, no diffuser size-dependent diffusion slowdown is observed with 

alternative crowding agents such as cytosol or Ficoll-70 polymer solutions,7 thus emphasizing the 

importance of crosslinked meshworks, i.e., hydrogels, in the size-dependent obstruction of the 

diffusion of large molecules. Apart from providing a valuable platform to understand obstructed 

diffusion, molecular diffusion in hydrogels also plays vital roles in diverse biomedical, chemical, 

and materials applications ranging from drug delivery to separation science.13-16 Recent years have 

seen increased interest in examining the diffusion and dynamics of biomolecules and particles in 

synthetic hydrogels with modern microscopy tools.14,17-19 However, as each study only tests a few 

polymer conditions defined by the starting monomer concentrations, they do not provide a 

complete picture of how the evolution of the meshwork size gives rise to transitions between 

unimpeded and impeded diffusions. Varying the starting monomer concentrations may further 

affect the polymerization kinetics and lead to altered microscopic structures beyond simple 

rescaling of the meshwork size.20 Thus, it remains a challenge to elucidate how the meshwork size 

itself controls obstructed diffusion. 
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In this work, we achieve continuous fine-tuning of the hydrogel nanomatrix meshwork size 

by borrowing the recent success of expandable hydrogels with high-resolution microscopy,21,22 

including single-molecule and super-resolution microscopy applications.23-26 By starting with the 

same monomer concentrations for polymerization and then differently expanding the resultant 

hydrogel, this approach leaves the geometric expansion of meshwork size as the only variable. 

Integrating our recent development of single-molecule displacement/diffusivity mapping 

(SMdM),11,27-29 which measures D with high fidelity via stroboscopic-illumination-enabled wide-

field detection of diffusing single molecules,30,31 we quantify diffusion-hindering effects in this 

controllably tuned system. We thus show that under the same hydrogel expansion condition and 

hence a constant meshwork size, increasingly impeded diffusion occurs for the larger molecules. 

By fine-tuning the expansion ratio to achieve a wide range of polymer fractions of ~0.14−7 wt%, 

we then show that for the same molecule, diffusion is progressively more suppressed with reducing 

meshwork sizes, and that this effect is more prominent for the larger molecules. Moreover, we 

show that the meshwork-induced obstruction of diffusion is uncoupled from diffusion 

suppressions due to increased solution viscosity, so the two mechanisms may separately scale 

down D to produce the final diffusion slowdown. 

Materials and Methods 

Preparation of fluorescence dye-labeled proteins. Ribonuclease (RNase) A (Sigma, R5500) and bovine 
serum albumin (BSA, Sigma, A3059) were labeled with Cy3B or Alexa Fluor 647 (AF647) via NHS (N-
hydroxysuccinimide) ester conjugation. Cy3B-NHS (Cytiva, PA63101) or AF647-NHS (ThermoFisher, 
A37573) were mixed with protein in 0.1 M NaHCO3 at a 10:1 dye-to-protein ratio, incubated at room 
temperature for 1.5 hr, are then purified with 3k and 10k MWCO centrifugal filters, respectively (Millipore, 
UFC500396 and UFC501096). The resultant dye-to-protein ratios were 0.5-1.5, as determined with a 
NanoDrop 2000c spectrometer (ThermoFisher). Dye-labeled RNase A was further treated with sulfo-NHS-
acetate (ThermoFisher, 26777) to cap the excessive lysines. For immunoglobulin G (IgG), a commercial 
AF647-labeled goat anti-mouse secondary antibody (ThermoFisher, A21236) was used.  

Preparation of expandable hydrogel. Sodium acrylate (Sigma, 48220), acrylamide (Sigma, A9099), 
N,N’-methylenebisacrylamide (MBAA, Sigma, M7279), N,N,N’,N’-tetramethyl ethylenediamine 
(TEMED, Sigma, T7024) and ammonium persulfate (APS, Sigma, A3678) were prepared as stock solutions 
of 0.38, 0.5, 0.02, 0.1, and 0.1 g/mL in water, respectively. Monomer mixture solutions were prepared from 
the stock solutions to 1.25 M total concentrations with varied sodium acrylate and acrylamide mole 
fractions and a fixed 0.8% mole fraction of MBAA. To initiate polymerization, TEMED and APS were 
added, both to 0.2% wt. in the final mixture, and the mixture was quickly injected into a gel-formation 
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chamber (Figure S1) adopted and modified from standardized expansion-microscopy protocols.32,33 The 
assembly was placed in a 37 °C humidified incubator for 30 min. The chamber was dissembled, and the 
lengths of the four edges of the resultant hydrogel were measured. Each hydrogel was then expanded in a 
solution of a fixed ionic strength for 10 min, followed by a racial-quenching solution of the same ionic 
strength but with the addition of 1 mM of 4-hydroxy-TEMPO (Sigma, 176141) for 30 min, and then the 
same expanding solution without 4-hydroxy-TEMPO for 10 min. Ionic strengths lower or higher than that 
of phosphate-buffered saline (PBS; 14190144, Gibco) (160 mM) were prepared by diluting PBS with Milli-
Q water or by adding NaCl to PBS, respectively. To infuse dyes and dye-labeled proteins, the hydrogel was 
immersed in the same expanding solution with the addition of 150-300 pM of the fluorescent probe for 10-
20 min. The dimensions of the hydrogel were remeasured, and the averaged length ratio over that before 
the expansion was taken as the expansion factor. Excess solution was removed, and the hydrogel was 
transferred onto a BSA-passivated 25-mm diameter #1.5 coverslip, and mounted into the coverslip holder 
(ThermoFisher, A7816). Coverslip passivation was done through the sequential sonication in acetone and 
Milli-Q water for 5 min each, treating with 10 mg/mL BSA in PBS for 30 min, rinsing with Milli-Q water, 
and drying with N2 gas.   

Optical setup. SMdM was performed on a Nikon Ti-E inverted fluorescence microscope, as described 
previously.27-29 A 561-nm laser (OBIS 561 LS, Coherent, 165 mW) and a 642-nm laser (Stradus 642, 
Vortran, 110 mW) were focused at the back focal plane of an oil-immersion objective lens (Nikon CFI Plan 
Apochromat λ 100×, numerical aperture 1.45). A translation stage shifted the laser beams toward the edge 
of the objective lens to reach the sample at an incidence angle slightly below the critical angle of the 
coverslip-hydrogel interface, thus illuminating a few micrometers into the hydrogel. Single-molecule 
images were collected 1.5-2 μm away from the coverslip surface. Fluorescence emission under 561 nm 
excitation was filtered by long-pass (ET575lp, Chroma) and band-pass (ET605/70m, Chroma) filters. 
Fluorescence emission under 642 nm excitation was filtered by long-pass (ET655lp, Chroma) and band-
pass (ET705/100m, Chroma) filters. Wide-field single-molecule images were collected at 110 frames per 
second for 5,000-8,000 frames with an EM-CCD camera (iXon Ultra 897, Andor). For SMdM pulse control, 
the excitation lasers were modulated by a multifunctional input/output board (PCI-6733, National 
Instruments), which read the EMCCD camera exposure output signal to enable pulse-frame 
synchronization. Tandem laser pulse sequences were applied at fixed center-to-center separations Δt of 400 
or 600 µs, with corresponding pulse durations set at 200 and 400 µs, respectively. 

SMdM data analysis. SMdM data were analyzed as described previously.27 Briefly, single molecules were 
super-localized in each recorded frame, and their two-dimensional displacements between paired frames 
were calculated. The accumulated displacements were fitted through maximum likelihood estimation 
(MLE) to a probability model based on two-dimensional random walk:27 

22( ) exp( )r rP r br
a a

= − +     (eqn. 1) 

where r is the single-molecule displacement in the fixed time interval Δt (400 or 600 µs as described above), 
a = 4DΔt, and b is a background term accounting for mismatched molecules that randomly diffuse into the 
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field of view during Δt, as discussed previously.27 The mle function of MATLAB returned 95% confidence 
intervals for D.  

Results and Discussion 

 
Figure 1. Controlled expansion of hydrogels for the SMdM quantification of molecular diffusion in tuned 
nanomatrices. (a) Schematic: N,N’-methylenebisacrylamide (MBAA)-crosslinked copolymerization of 
acrylamide and sodium acrylate generates a hydrogel network that expands isotropically in aqueous 
solutions. The degree of expansion is controlled by the sodium acrylate fraction and the ionic strength of 
the solution, hence tunable nanomatrix pore sizes for examining size-dependent molecular diffusion. (b) 
Measured expansion factor (left y-axis), as defined by the length ratio of the hydrogel after and before the 
expansion, and corresponding polymer wt% content of the expanded hydrogel (right y-axis), for hydrogels 
polymerized from different mole fractions of sodium acrylate and then expanded in the PBS (black) or 
water (red). Error bars: standard deviations between different runs. Inset: photos of a sample before and 
after 2.98x expansion in water. (c) SMdM: paired stroboscopic illumination pulses across tandem camera 
frames enable the detection of single-molecule displacements over a short time window, e.g., ∆t = 600 µs 
for the example images shown for Cy3B-labeled BSA diffusing in an expanded hydrogel. The paired 
excitation scheme is repeated ~6,000 times to establish statistics. (d,e) Example distributions of 600-µs 
single-molecule displacements for Cy3B-labeled BSA freely diffusing in PBS (d) vs. in a hydrogel 
expanded by 1.72x in PBS (e). Blue curves: Maximum likelihood estimation (MLE) with our diffusion 
model, yielding D = 57.4±1.5 and 29.8 ± 0.6 µm2/s (95% confidence intervals), respectively. 
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Expansion microscopy21,22 starts by embedding a (biological) sample in a swellable ionic 

hydrogel34,35 of crosslinked poly(acrylamide-co-sodium acrylate). Upon hydration, the hydrogel 

expands isotropically owing to the repulsing charges on the acrylate residues on the polymer chain. 

Whereas most expansion-microscopy applications use the maximal expansion (~4.5× in each 

dimension; ~100× in volume) to enlarge structural details, we reason that this system may be 

repurposed to generate continuously tunable matrix pore sizes and polymer fractions in the final 

hydrogel, ideal for elucidating the size-dependent diffusion properties of macro(bio)molecules 

(Figure 1a and Figure S1). 

Thus, starting with a fixed total amount (1.25 M; 8.9 wt%) of acrylamide and sodium 

acrylate monomers and the same amount (0.8 mol% of monomers) of the crosslinker N,N’-

methylenebisacrylamide (MBAA), we varied the sodium acrylate fraction to generate hydrogels 

of different expansibilities. Expansion factors, as defined by the length ratios of the hydrogel after 

and before the expansion (Figure S1), were thus attained in the range of 1.1−4 (Figure 1b; left y-

axis), hence ~7−0.14 wt% polymer fractions in the expanded gel (Figure 1b; right y-axis). Higher 

expansion factors were obtained with increased sodium acrylate fractions, and the expansion factor 

could be further fine-tuned in a reversible fashion by adjusting the solution ionic strength (Figure 

S2).  

To characterize molecular diffusion in the hydrogels, we integrated our recently developed 

SMdM.27-29 In SMdM, fast-diffusing single molecules are imaged in the wide field by reducing 

motion blur via stroboscopic excitation.30,31 The stroboscopic pulses are applied in tandem across 

odd-even camera frames at short time separations of ∆t <1 ms (Figure 1c), thus allowing for the 

determination of single-molecule displacements in the ∆t time window. By continuously running 

this tandem stroboscopic excitation scheme at 110 frames per second, we thus accumulated the 

transient displacements of >104 single molecules (Figure 1de) across the camera frame in ~1 min. 

Fitting the resultant displacement distributions to a random-walk model (Methods) yielded 

diffusion coefficient D with <±3% brackets at 95% confidence intervals (Figure 1de). We thus 

found, for example, the diffusion coefficient of the 67 kDa protein bovine serum albumin (BSA) 

inside a hydrogel expanded in the phosphate-buffered saline (PBS) by a factor of 1.73× (5.2× 

volume expansion; 1.7 wt% final polymer content) was 52% of that measured in PBS itself (Figure 

1de). 



7 

 

To examine how the polymer meshwork may differently suppress the diffusion of 

molecules of varied sizes, we quantified the diffusion coefficient D of the 0.6 kDa free dye Cy3B 

and dye-labeled proteins, the 14 kDa ribonuclease A (RNase A), the 67 kDa BSA, and the 150 

kDa immunoglobulin G (IgG), in PBS and in hydrogels of two contrasting expansion factors. Here 

we chose four highly water-soluble targets that substantially differ from each other in size, so that 

the size effect may stand out over other potential factors as molecular shape and hydrophobicity. 

For diffusion in PBS, SMdM yielded D values in the range of 40−350 µm2/s that dropped 

monotonically with the molecular weight M (Figure S3), comparable to our previous results29 

affirming the D~M −1/3 model of Young-Carroad-Bell,36 and we obtained similar D values with ∆t 

= 400 and 600 µs (Figure S3). 

 
Figure 2. Molecular size-dependent suppression of diffusivity in hydrogels differently expanded in PBS 
and in water. (a) SMdM-determined in-gel diffusion coefficient D relative to that in the PBS buffer for the 
0.6 kDa free dye Cy3B and dye-labeled proteins, the 14 kDa ribonuclease A (RNase A), 67 kDa bovine 
serum albumin (BSA), and 150 kDa immunoglobulin G (IgG), in hydrogels expanded by 1.66±0.14 in PBS 
(black) vs. by 3.31±0.30 in water (red). Error bars: standard deviations from ~8 hydrogels for each 
condition. (b,c) Example histograms of SMdM single-molecule displacements for RNase A (b) and IgG (c) 
under the two expansion conditions. Blue curves: MLE results, with the resultant 95% confidence intervals 
of D values marked in each plot. 

For in-gel diffusion, SMdM indicated that in hydrogels expanded by 3.31±0.30 in water 

(36× volume expansion; 0.24 wt% final polymer content), D of all diffusers remained largely 

unaffected, i.e., Dgel/DPBS ~1 (Figure 2a). In contrast, in hydrogels expanded by 1.66±0.14 in PBS 

(4.6× volume expansion; 1.9 wt% final polymer content), SMdM unveiled a striking size-
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dependent suppression of diffusion (Figure 2a). Whereas the diffusivity of the 0.6 kDa Cy3B was 

only slightly impeded to 91±3% of its value in PBS, steady drops to 78±8%, 60±10%, and 50±10% 

of the PBS values were respectively found for the increasingly larger RNase A, BSA, and IgG. 

Examination of the SMdM-recorded transient single-molecule displacements yielded good fits to 

our random walk model (Figure 2bc), suggesting normal diffusion of the differently impeded 

proteins at the temporal (~500 µs) and length (~300 nm) scales of our experiments. This marked 

size-dependent depression of diffusion is consistent with a model in which as we reduce the mesh 

size of our hydrogel system to the few-nanometer scale,37 larger molecules are more affected by 

the nanomatrix (schematics in Figure 1a). 

 
Figure 3. Contrasting diffusivity scaling behaviors in differently expanded hydrogels for a small dye and a 
protein. (a) The SMdM-determined in-gel diffusion coefficient D relative to that in the PBS buffer for the 
0.6 kDa dye Cy3B (blue) and the 67 kDa protein BSA (red), in different hydrogel samples at varied 
expansion factors (bottom x-axis) and hence polymer contents (top x-axis). Vertical lines connect paired 
data, in which the diffusion of AF647-labeled BSA and Cy3B were sequentially measured through 2-color 
SMdM in the same gel sample. (b) Normalized count distributions of the SMdM-measured 400 μs single-
molecule displacements for Cy3B diffusing in PBS (dash line) and in four hydrogel samples of different 
expansion factors (solid lines), with respective MLE results shown in the legend as 95% confidence 
intervals. (c) Similar to (b) but for the diffusion of BSA.  

We next focused on Cy3B and BSA as representative small and macro- molecules, and 

fine-tuned the hydrogel expansion factor to examine how their diffusion transits from unimpeded 

to impeded as the meshwork size is gradually reduced. SMdM showed that for the 0.6 kDa small 

molecule Cy3B (Figure 3ab), only mild drops in D occurred when the linear expansion factor was 

reduced to <2 (8× volume expansion; 1.1 wt% polymer content), with the D value lowering to 

~85% of that in PBS in the limit of expansion factors of 1.1-1.2 (~6 wt% polymer content). In 



9 

 

contrast, for the 67 kDa BSA protein (Figure 3ac), SMdM unveiled notable decreases in D for 

expansion factors <3 (27× volume expansion; 0.33 wt% polymer content), and D dropped to 50-

70% and ~30% of that in PBS at expansion factors of ~2 (1.1 wt% polymer content) and 1.1-1.2 

(~6 wt% polymer content), respectively.  

To further substantiate the contrasting scaling behaviors of Cy3B and BSA, in several gel 

samples we examined the diffusion of both molecules by performing two-color SMdM, using the 

spectrally distinct Alexa Fluor 647 (AF647) to label BSA (Figure S4). The sequentially acquired 

SMdM data in the two color channels (connected by vertical lines in Figure 3a) thus confirmed in 

the same samples distinct relative D values over PBS, with the diffusion of BSA being 

substantially more suppressed. Together, these results indicate that the diffusion of the 67 kDa 

BSA molecule is progressively more impaired as the hydrogel mesh size is continuously reduced 

to reach polymer contents of >0.33 wt%, whereas the 0.6 kDa Cy3B does not quite “sense” the 

existence of the polymer nanomatrix even at much higher polymer contents. 

 
Figure 4. Uncoupled diffusion suppressions by the solution viscosity and by the hydrogel nanomatrix. (a) 
Solid symbols: the SMdM-determined in-gel diffusion coefficient D of Cy3B (blue) and BSA (red), in 
hydrogels expanded at different expansion factors (bottom x-axis) and hence polymer contents (top x-axis) 
in solutions containing 18 wt% glycerol, relative to that in the 18 wt% glycerol solution. Hollow symbols: 
reproduced from Figure 3a for in-gel D relative to no-gel for hydrogels expanded in PBS. (b) Normalized 
count distributions of the SMdM-measured 400 μs single-molecule displacements for Cy3B diffusing in 
PBS (dash line), in the 18 wt% glycerol solution (dash-dot line), and in two hydrogels of different expansion 
factors in 18 wt% glycerol solutions (solid lines). MLE results are shown as 95% confidence intervals in 
the legend. (c) Similar to (b) but for the diffusion of BSA. 

As intracellular diffusion is suppressed by both the nanoscale architecture of the cell and 

the 20-40% higher viscosity of the cytosol over water,12 we next probed, with our expandable 
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hydrogel system, whether the two effects would independently modulate the diffusion of small 

and macro- molecules. To this end, we thickened the solution by adding the inert small molecule 

glycerol.38,39 SMdM showed that in an 18 wt% glycerol solution, the D values of Cy3B and BSA 

dropped to 217 and 35 µm2/s (dash-dot curves in Figure 4bc), respectively, corresponding to 62% 

and 60% of that in PBS (dash curves in Figure 4bc). These diffuser size-insensitive values match 

that predicted (60%) through scaling the known glycerol concentration-dependent viscosity.38,39 

We next examined the diffusion of both molecules in our hydrogel system expanded in the 

presence of 18 wt% of glycerol. Interestingly, as we plotted the SMdM-determined relative D 

values over that in the 18 wt% glycerol solution, we observed similar expansion-factor-dependent 

D scaling as hydrogels expanded in PBS (Figure 4a). Thus, obstruction of diffusion due to the 

hydrogel nanomatrix is uncoupled from diffusion suppressions due to higher solution viscosities, 

and the two factors may each separately scale down the D values to produce the final diffusion 

slowdown. 

Conclusion 

Together, by repurposing the recently popularized expansion microscopy to achieve controlled 

tuning of the hydrogel meshwork size, we examined the in-gel diffusion of small and macro- 

molecules over a wide range of polymer fractions of ~0.14−7 wt%. Through SMdM single-

molecule measurements, we thus showed that with a constant meshwork size, larger molecules 

exhibited more impeded diffusion, and that for the same molecule, diffusion is progressively more 

suppressed as the meshwork size was reduced, and this effect was more prominent for the larger 

molecules. Whereas similar trends have been reported with hydrogels prepared from discrete initial 

monomer concentrations,18,19,40 our approach both ensured the geometric expansion of meshwork 

size as the only variable between different samples and achieved continuous fine-tuning of the 

meshwork size. Moreover, by thickening the solution while conserving the hydrogel expansion 

factors, we showed that the meshwork-induced obstruction of diffusion is uncoupled from the 

suppression of diffusion from increased solution viscosities.  

In complex systems like the cell, the two mechanisms, respectively being diffuser-size 

dependent and independent, should separately scale down D to produce the final diffusion 

slowdown. On this discussion, our observation that the formal factor caused minimal slowdowns 
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for Cy3B, even in the limit of low expansion factors where substantial diffusion obstruction was 

observed for macromolecules, echoes our recent finding that the intracellular D of small molecules 

is only modestly depressed to ~70% of that in water by the slightly higher viscosity of the cytosol.11 

Meanwhile, the demonstrated unconventional use of expandable hydrogel and expansion 

microscopy for physical-parameter tunning provides an appealing path toward the future 

development of manipulation and measurement tools. 
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