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Abstract  28 

Nucleation, the primary step in crystallization, dictates the number of crystals, the 29 

distribution of their sizes, the polymorph selection, and other crucial properties of the 30 

crystal population. We employed time-resolved liquid-cell transmission electron 31 

microscopy (TEM) to perform an in situ examination of the nucleation of lysozyme 32 

crystals. Our TEM images revealed that mesoscopic clusters, which are similar to those 33 

previously assumed to consist of a dense liquid and serve as nucleation precursors, are 34 

actually amorphous solid particles (ASPs) and act only as heterogeneous nucleation 35 

sites. Crystalline phases never form inside them. We demonstrate that a crystal appears 36 

within a non-crystalline particle assembling lysozyme on an ASP or a container wall, 37 

highlighting the role of heterogeneous nucleation. These findings represent a significant 38 

departure from the existing formulation of the two-step nucleation mechanism while 39 

reaffirming the role of non-crystalline particles. The novel insights gained may have 40 

significant implications in areas that rely on the production of protein crystals, such as 41 

structural biology, pharmacy, and biophysics, and for the fundamental understanding of 42 

crystallization mechanisms. 43 

 44 

 45 

Significance 46 

The formation of the nuclei of protein crystals has been suggested to occur within 47 

protein-rich mesoscopic clusters. The existence of such clusters has been revealed for 48 

many proteins; however, their role in crystallization is still unclear. Our live images in a 49 

protein crystallization solution using transmission electron microscopy reveal that 50 

protein–rich mesoscopic clusters are solid amorphous particles that work as 51 

heterogeneous nucleation sites. The nucleation event for the crystal starts via another 52 

non-crystalline particle, which appears only a few seconds before crystal nucleation, i.e., 53 

there are two types of amorphous particles that have different roles in protein 54 

crystallization. 55 

  56 
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Crystallization can be divided into two processes: nucleation and crystal growth. 57 

The crystal growth process has been well examined for a long time, yet the nucleation 58 

process is not understood; for example, the nucleation rate of crystals provides a 59 

textbook example of order-of-magnitude discrepancies between theoretical predictions 60 

and experimental results. Recent proposals have attributed these discrepancies to a 61 

non-classical nucleation pathway, along which a structured crystalline embryo forms 62 

within a highly concentrated disordered precursor (1). This mechanism was first 63 

proposed for protein crystals (2, 3). Direct observations have demonstrated its 64 

applicability to organic (4), inorganic (5, 6), and colloidal (7) crystals. In proteins, 65 

clusters of protein molecules have been suggested as precursors; these clusters have 66 

mesoscopic sizes from several tens to several hundreds of nanometers and are 67 

considered to behave like liquids. It has also been suggested that the precursor is 68 

thermodynamically stable with respect to the mother liquid phase but is metastable or 69 

unstable with respect to the crystalline phase. The latter nature of the precursor differs 70 

from the stable macroscopically dense liquid formed as a result of the liquid–liquid 71 

phase separation (8). Such protein-rich mesoscopic clusters have been observed for 72 

many proteins, primarily using optical techniques, and have been tentatively identified 73 

as precursors for crystal nucleation (9–12). Several important questions concerning this 74 

mechanism remain unanswered. First, are the observed mesoscopic clusters actually 75 

liquid-like or solid-amorphous? Second, do they play an active role in crystal 76 

nucleation? And finally, do the clusters serve as classical heterogeneous nucleation 77 

centers or as loci of enhanced non-classical nucleation? To address these questions, we 78 

employed time-resolved in situ transmission electron microscopy (TEM) with a liquid 79 

cell (Fig. S1) to directly observe crystal nucleation with the protein lysozyme, arguably 80 

the most closely studied enzyme (13). 81 

 82 

 83 

Results and Discussion 84 

 85 

Analysis of the crystallization solutions 86 

To accelerate nucleation, the liquid cell was initially charged with an unfiltered 87 

crystallization solution (50 mg mL−1 of lysozyme and 5 wt% NaCl in a sodium acetate 88 

buffer solution); subsequently, a filtered growth solution (15 mg mL−1 of lysozyme and 89 

5 wt% NaCl in a sodium acetate buffer solution) was continuously passed through the 90 

liquid cell to maintain a constant concentration. Both solutions were analyzed using 91 

dynamic light scattering (DLS) (Fig. S2). The DLS signal from the unfiltered solutions 92 
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is nearly identical to numerous published datasets collected under similar conditions 93 

that reveal the presence of mesoscopic (diameters > 100 nm) clusters, which have been 94 

suggested to act as precursors for crystal nucleation (9, 10). These solutions clearly lie 95 

outside the liquid–liquid coexistence region of the phase diagram, indicating that stable 96 

macroscopic dense liquids should not form under these conditions (8). The DLS 97 

characterization of the filtered solutions reveals the presence of only lysozyme 98 

monomers (Fig. S2).  99 

 100 

In situ TEM observations 101 

In situ TEM observations (Fig. 1A) demonstrate particles with a range of sizes similar 102 

to those identified using DLS. Most of the particles were immobile because they were 103 

attached to the liquid cell windows. The mean diameter of the particles was estimated 104 

directly from the TEM images to be ~170 nm (Fig. S3A). The electron-diffraction 105 

patterns of the particles exhibit halo rings and no diffraction contrast in the bright field 106 

images (Fig. 1D). Furthermore, they did not coalesce even though many of them were in 107 

direct contact with each other. Amorphous particles were also confirmed by 108 

corresponding diffraction patterns from the cryo-TEM observations (Figs. S3B and 109 

S3C). Note that the particles could not be observed in the filtered solutions. From these 110 

observations, we conclude that the particles are amorphous solid particles (ASPs) of 111 

lysozyme. The ASPs are similar in size to the mesoscopic clusters, which have been 112 

suggested to be precursors for crystal nucleation, as reported in previous studies (9, 10). 113 

However, crystals never formed within the ASPs during our observations. 114 

In multiple experiments, we observed both orthorhombic and tetragonal crystals in 115 

addition to the ASPs (Fig. 1). The morphologies of the crystals were similar to those of 116 

corresponding macroscopic crystals that form under similar conditions (14, 15). For 117 

additional identification, we analyzed the electron-diffraction patterns generated by 118 

these crystalline phases (Figs. 1E and 1F). The long-term evolution of two crystals 119 

growing in close proximity (Fig. S4) revealed that the orthorhombic crystals grew while 120 

the tetragonal crystals dissolved, indicating that the former are more stable polymorphs 121 

under the tested experimental conditions. In addition, we observed orthorhombic 122 

lysozyme crystals and ASPs in the same view (Fig. S5). The ASPs dissolved completely 123 

as opposed to the stably existing orthorhombic lysozyme crystals, suggesting the lower 124 

solubility of the orthorhombic lysozyme crystal than that of the ASPs, i.e., orthorhombic 125 

crystals are more stable than ASPs under the experimental conditions. 126 

During more than 60 h in 30 separate experiments under optimized experimental 127 

conditions, we monitored the nucleation events of an orthorhombic lysozyme crystal 128 
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attached to a silicon nitride window (Fig. 2A and Movie S1). First, a spherical particle 129 

(indicated by an arrowhead in Fig. 2A) formed. As it grew, the particle attained crystal 130 

facets and, finally, transformed into an orthorhombic crystal with a characteristic shape 131 

elongated in the <001> direction. In other experiments, we observed the nucleation of 132 

orthorhombic crystals on ASPs (Fig. 2B and Movie S2). A spherical particle (indicated 133 

by an arrowhead in Fig. 2B) was observed to nucleate and transform into an 134 

orthorhombic crystal. Because the initial particle has a weaker contrast than that of an 135 

ASP at the same size, the nucleated particle may have a different internal structure and 136 

density, or shape, than that of the ASPs. This observation clearly indicates that the 137 

nucleation event did not start within the ASP; instead, the ASP acted as a heterogeneous 138 

substrate that enhanced the nucleation event. 139 

To test the role of the ASPs in the nucleation process, we filtered the 140 

crystallization solution. TEM and DLS observations (Fig. S2) indicated that the ASPs 141 

were removed from the filtered solutions. Then, the nucleation rates were drastically 142 

reduced, likely as a result of the lack of heterogeneous substrates (9). Therefore, the 143 

participation of the ASPs as heterogeneous substrates is crucial to crystal nucleation in 144 

this system. 145 

 146 

Evolution of the growth rates of nucleated particles 147 

For additional insight into the nucleation process, we compared the evolution of the 148 

lysozyme particle growth rates with known crystal growth rates. We measured the time 149 

dependence of the size (L) of the two nucleated particles defined by the bidirectional 150 

arrows in Figs. 2A and 2B. The size evolutions in Fig. 3 demonstrate that, immediately 151 

after nucleation as the first stage of growth, both particles grew to a size of over 100 nm 152 

within approximately 0.1 s i.e., the growth rate was close to 1 m s−1; then, the particles 153 

grew nearly constantly, and the growth rates of this stage were approximately 1.72 ± 154 

0.22 nm s−1 and 1.73 ± 0.23 nm s−1, as obtained from the datasets of L1 and L2, 155 

respectively, in Fig. 3 at 10–30 s. The growth rates at the initial stage are faster by over 156 

two orders of magnitude than those during the steady state, which are the same as 157 

macroscopic lysozyme (or any other protein) crystals at similar supersaturations (15–158 

17). 159 

To analyze the evolution of the growth rate after nucleation, we first evaluated the 160 

effects of the electron beam, which increases the temperature of the specimen (18) and 161 

generates chemical species (19), on our system. We observed the growth of 162 

orthorhombic lysozyme crystals under different electron fluxes (Fig. S6 and Movie S3). 163 

At an electron flux of 3.2 × 102 electron nm−2 s−1, the crystal grows continuously. 164 
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However, when we increased the electron flux to 2.9 × 103 electron nm−2 s−1, the crystal 165 

started to dissolve. In addition, we observed that the growth rate at 3.2×102 electron 166 

nm−2 s−1 is constant, at least for 60 s, at a rate of 1.68 ± 0.03 nm s−1 (Figs. S7A and B). 167 

We also measured the growth rate of orthorhombic lysozyme crystals in a non-electron 168 

irradiated environment using optical microscopy (Fig. 7C). At the same conditions as 169 

the TEM, the growth rate measured by optical microscopy is 1.7 nm s−1, indicating that 170 

the electron beam does not have a significant effect on our system at 3.2 × 102 electron 171 

nm−2 s−1. 172 

Between 0.1 s and 10 s, the growth rates of the two particles sharply decreased 173 

from several hundreds of nm s−1 to the bulk growth rate. This appears to be the same 174 

tendency as in the case of the nucleation of inorganic materials, such as AgNO3 (20) and 175 

CaCO3 (21). Based on the Lifshitz–Slyozov–Wagner theory, which can evaluate 176 

whether the crystal growth is controlled by diffusion or surface kinetics, these growth 177 

rates were limited by diffusion processes because the growth units around the particles 178 

were depleted due to the more rapid incorporation of the growth units into the crystals 179 

compared to the supply of the growth units to the particle surfaces by diffusion. 180 

However, it is well known that the growth of lysozyme crystals is not limited by the 181 

diffusion process. Therefore, we first evaluated the possibility of solution depletion as a 182 

result of particle formation as a process underlying the slowdown of growth. We used 183 

the fact that lysozyme is a relatively small molecule with a hydrodynamic diameter of 184 

approximately 3.2 nm and a diffusivity D of approximately 100 m2 s−1. The Stokes–185 

Einstein relation, l2 = D ∆t, reveals that diffusion over the characteristic length l = 100 186 

nm, the particle size, would occur over times, ∆t, of an order of 0.1 ms. This estimation 187 

indicates that the solution concentration at the particle growth interface is replenished 188 

within times much shorter than those probed in Fig. 3. Detailed numerical calculations 189 

of the diffusive solute supply (where buoyancy-driven convection is suppressed in cells 190 

with a height of 150 nm or 500 nm, as used here) and the decrease in growth rate 191 

support this conclusion (Supporting Information and Fig. S8). Accordingly, we attribute 192 

the growth slowdown to the evolution of the particle structure. 193 

Growth rates faster than those recorded for faceted crystals at similar conditions 194 

(15–17) suggest that molecules encounter lower barriers en route to the particle surface. 195 

There are three barriers to the growth of a new phase: an enthalpy barrier related to the 196 

creation of bonds in the condensed phase, solid or liquid (22), and two entropy barriers, 197 

which account for the search for an incorporation site, via translational diffusion, and a 198 

proper crystallographic orientation, via rotational diffusion (23). Molecular 199 

incorporation into faceted crystals, where the growth sites on the smooth crystal 200 
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surfaces are few and distant, and relatively strong crystal bonds are created, maximizing 201 

the values of all three barriers. Associations with liquid droplets or clusters encounter 202 

minimal entropic barriers and a reduced activation enthalpy. Incorporation into rough 203 

crystals, in which the growth site density is close to one, is an intermediate case, where 204 

the enthalpy and rotational barriers are close to those of a facetted crystal, whereas the 205 

translational barrier is minimal. Therefore, the initial growth rates (several hundreds of 206 

nm s−1) recorded immediately after nucleation suggest the growth of non-crystalline 207 

particles, and the intermediate growth rates (several tens to several nm s−1) recorded 208 

between 1 s and 10 s suggest the growth of rough crystals, as expected for crystals 209 

emerging from non-crystalline particles. This conclusion is supported by the growth rate 210 

of steps on the surface of an orthorhombic lysozyme crystal, 44 nm s−1 (Fig. S9); the 211 

steps are always rough and offer the same barriers for molecular incorporation as rough 212 

crystals. Therefore, in the case of protein crystallization, entropic restrictions are 213 

important due to the large size and complex shape of these molecules. This is one of the 214 

reasons why the kinetic coefficients of proteins are 10–1000 times lower than those of 215 

inorganic crystals (24). Therefore, it is reasonable to assume that the very large growth 216 

rates measured for the initial particles are only achievable for non-crystalline structures 217 

(i.e. eliminating part of the entropic restrictions). 218 

At times longer than 30 s, the growth rate of the two crystals dropped to 1.24 ± 219 

0.11 nm s−1 and 1.37 ± 0.17 nm s−1 (obtained from the each dataset at 30–60 s), 220 

respectively. TEM images reveal that the phases present during this later stage are 221 

facetted crystals. The growth rates measured from the TEM images are similar to those 222 

of bulk crystals (Fig. S7) and suggest that the crystals grew following a layer-growth 223 

mode (14). 224 

We use the late stage growth rates to evaluate potential artifacts due to irradiation 225 

by the electron beam. The consistency between growth rates measured by TEM and 226 

those measured by optical microscopy (Fig. S7C) indicate that the electron-beam 227 

irradiation negligibly affects the nucleation and growth processes. Assuming that the 228 

gradual slowdowns of late-stage growth are due to solution heating by the electron 229 

beam, the roughly estimated value of the maximum temperature elevation at the center 230 

of the beam is 1.33 °C under our typical experimental condition (18) (details are 231 

provided in the Supplementary Information). If we use the temperature dependency of 232 

the solubility and the growth rate (Fig. S7C) to evaluate the hypothetical temperature 233 

increase, the growth rate of ~1.3 nm s−1 at 30–60 s (Fig. 3) suggests a temperature 234 

elevation of 0.3 °C. Typically, to monitor a larger solution volume, we shifted the view 235 

field after approximately 10 s of observation. Therefore, the solution overheating in 236 
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these scans was less than 0.1 °C and the corresponding decrease in the supersaturation 237 

was insignificant. 238 

 239 

Nucleation process of lysozyme crystals 240 

To demonstrate the appearance of a crystal within a non-crystalline particle, we show 241 

cryo-TEM images in Fig. 4. The ununiformed contrast can be observed from the particle 242 

shown in Fig. 4A. A Laue spot in the corresponding diffraction pattern (Fig. 4B), the 243 

facetted shape, and the corresponding diffraction contrast (Fig. S10) represent the 244 

crystalline phase. These cryo-TEM images may show that a crystal appears within a 245 

non-crystalline particle. To precisely prove the appearance of a crystal in a 246 

non-crystalline particle, three-dimensional images may be useful because a TEM image 247 

is just a projection. In summary, time-resolved in situ TEM observations of 248 

supersaturated solutions of the protein lysozyme demonstrated crystal nucleation 249 

following a heretofore-unsuspected modification of the two-step mechanism. Based on 250 

the observations, the pathways of this mechanism are schematically illustrated in Fig. 5. 251 

In contrast to earlier proposals (2, 3, 9–12), we demonstrate the action of two 252 

mesoscopic amorphous phases: amorphous solid particles that serve as heterogeneous 253 

nucleation substrates and short-lived (approximately 0.1 s) non-crystalline particles, 254 

which form on the container wall or the ASPs and host crystal nuclei. Even though the 255 

detailed features of the non-crystalline particles are still unclear, a plausible feature is 256 

that of a dense liquid because molecules inside the particles have the flexibility to form 257 

crystalline structures, which may be a feature of the liquid phase. Importantly, lysozyme 258 

molecules do not directly assemble into crystal nuclei and the ASPs never transform 259 

into crystals. This observation gives us insights into the nucleation of not only protein 260 

crystals but also other organic crystals. Scattering and spectroscopic techniques reveal 261 

the structure evolutions of organic materials in solutions and the existence of clusters 262 

(25). To understand the nucleation, our observations suggest the importance of the direct 263 

observation of nucleation events at the nanoscale to reveal the role of amorphous 264 

particles on crystal nucleation, whether they act as heterogeneous nucleation sites or 265 

precursors for nucleation. In addition, numerous organic molecules of sizes larger than 1 266 

nm have become the focus of medicinal and pharmaceutical chemists (26). It is likely 267 

that the large size and related flexibility of these molecules may invoke in their 268 

solutions behaviors similar to those observed with proteins, including the complex 269 

nucleation pathways reported here. Such a complex pathway has also been observed 270 

using cryo-TEM in organic materials, where the amorphous material that is initially 271 

formed is reorganized into an ordered system (27). 272 
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We demonstrate that the crystals emerging from the non-crystalline particles are 273 

rough and follow a normal growth mode, with faceting attained at later growth stages. 274 

For additional insights, further analyses of observed non-crystalline particles, such as 275 

formation kinetics, are required. 276 

 277 

 278 

Materials and Methods 279 

 280 

Materials 281 

Six-times-recrystallized lysozyme powder (Lot No. E40314; Seikagaku Kogyo Co. Ltd., 282 

Tokyo) was used as a protein sample without further purification. A 50 mM solution of 283 

sodium acetate (pH = 4.5) was used as the buffer solution. Stock solutions of lysozyme 284 

were prepared by dissolving the appropriate amount of lysozyme powder in the buffer 285 

solution. The concentration of the lysozyme stock solutions was measured using UV 286 

absorption spectrometry (SmartSpec Plus; Bio-Rad Laboratories, Inc., Berkeley, CA). 287 

NaCl (99.99%; Wako Pure Chemical Industries, Ltd., Osaka) was dissolved in the buffer 288 

solution to act as a precipitant for the lysozyme. The crystallization solution was 289 

prepared by mixing appropriate amounts of the stock solutions. The lysozyme powder 290 

sample contained ~1.5% impurities, which consisted primarily of lysozyme dimer and 291 

18-kDa polypeptide (28). 292 

 293 

Solution preparation and procedure for time-resolved liquid-cell TEM 294 

observations 295 

The supersaturation of the crystallization solution is defined as σ = ln(C/Ce), where C is 296 

the bulk concentration of lysozyme and Ce is its solubility at a given temperature. We 297 

used two crystallization solutions with different supersaturations. A crystallization 298 

solution with a higher supersaturation was used to initially fill the liquid cell before the 299 

observation. This solution was prepared by mixing the lysozyme solution and NaCl 300 

solution immediately before filling the liquid cell. The resulting solution contained 50 301 

mg mL−1 lysozyme and 50 mg mL−1 NaCl and was not filtered. The crystallization 302 

solution, with a lower supersaturation, contained 15 mg mL−1 lysozyme and 50 mg 303 

mL−1 NaCl, and flowed through the liquid cell during the TEM observations. This 304 

crystallization solution was filtered through a cellulose acetate filter with 0.20-m pores. 305 

During the observations, the solution was passed continuously through the liquid cell at 306 

a rate of 1–3 L min−1 by means of a syringe pump. All our experiments were 307 

performed at 24 °C; as a result, the degree of supersaturation, σ, in the liquid cell was 308 
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constant. We used values of 3.19 mg mL−1 and 3.30 mg mL−1 as the solubilities at 24 °C 309 

for the orthorhombic (29) and tetragonal phases (30), respectively, to maintain 310 

consistency with our observations of the stability of these phases (Fig. S4). The 311 

supersaturations of the crystallization solution with the lower supersaturation were σ = 312 

1.55 and σ = 1.51 for the orthorhombic and tetragonal forms, respectively. 313 

 314 

Electron microscopy 315 

We used two Hitachi transmission electron microscopes: a H-8100 and a HF-3300. The 316 

H-8100 with a LaB6 filament was operated at an acceleration voltage of 200 kV. Images 317 

and movies were recorded using an XR-611 TEM camera (Advanced Microscopy 318 

Techniques, Woburn, MA), which has a recording interval of 157 ms. The HF-3300 319 

with a field-emission gun was operated at an acceleration voltage of 300 kV. Movies 320 

were recorded using an ORIUS SC1000 CCD TEM camera (Gatan Inc. Pleasanton, CA, 321 

USA), which had a recording interval of 100 ms. The electron flux was measured using 322 

a combination of a probe-current detector and a Model 6485 Picoammeter (Keithley 323 

Instruments Inc. Solon, OH, USA) installed in the H-8100. 324 

 325 

The TEM holder and the assembly of the liquid cell 326 

We used a TEM holder (Protochips, Inc., Raleigh, NC) in combination with a liquid cell 327 

to image the liquids. The liquid cell consisted of a pair of semiconductor-based plates 328 

with an electron-transparent window consisting of an amorphous silicon nitride 329 

membrane and two Viton O-rings. These components permitted the preparation of the 330 

sample solution under high-vacuum conditions in the TEM (Fig. S1) and allowed the 331 

solution to be passed through the liquid cell by means of a syringe pump during the 332 

observations. The plates were separated by 150-nm-thick or 500-nm-thick spacers to 333 

form the flow path for the sample solution. The thickness of the observed solution layer 334 

was larger than the thickness of the spacer due to the expansion resulting from the 335 

vacuum present in the electron microscope (31). Before assembling the liquid cell, the 336 

plates were subjected to a hydrophilization treatment using plasma-ion bombardment. 337 

 338 

Rates of growth of the lysozyme crystals examined using optical microscopy 339 

We observed orthorhombic lysozyme crystals using phase-contrast microscopy (PCM), 340 

and we measured their growth rates for comparison with those observed using TEM. 341 

For these measurements, we used a growth cell (32) in which a seed crystal and the 342 

growth solution were sealed. Seed crystals for the PCM observations were produced 343 

using a crystallization solution (100–120 mg mL−1 lysozyme + 25 mg mL−1 NaCl in the 344 
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buffer solution). The solution was sealed in a glass tube (~400 mL) and kept in an 345 

incubator at 40 °C to produce orthorhombic crystals. After 2–3 days, several crystals 346 

measuring 100–200 µm were formed, and these were used as seed crystals. A seed 347 

crystal was placed in the cell and aligned with its c-axis parallel to the focal plane. The 348 

growth solution, which contained 15 mg mL−1 lysozyme and 50 mg mL−1 NaCl, was 349 

identical to that used in the experiments in the TEM. Before the growth solution was 350 

sealed in the cell, it was filtered using a syringe filter with a pore size of 0.20 µm. For 351 

the growth-rate measurements, the temperature of the cell was maintained in the range 352 

of 24–28 °C using Peltier elements on the cell stage. The range of supersaturation σ of 353 

the solutions was 1.38–1.55 for the orthorhombic crystals. The temperature at which we 354 

measured the step velocity for the orthorhombic crystal (Fig. S7) was 24 °C; the 355 

corresponding supersaturation σ was 1.55. 356 

 357 

Dynamic light scattering characterization of the solutions 358 

The correlation functions of light scattered by the tested solutions were recorded using 359 

an ELS-Z1TK instrument (Otsuka Electronics Co., Ltd., Japan, Osaka) equipped with a 360 

semiconductor laser (wavelength: 660 nm). We used a quartz cuvette. The respective 361 

correlation functions of these solutions are shown in Fig. S2. 362 

 363 

Cryo-TEM observations 364 

We used a field emission TEM, JEM-2200FS, operated at an acceleration voltage of 200 365 

kV. Images were corrected using a MSC Model 794 (Gatan Inc. Pleasanton, CA, USA). 366 

The sample solution was put on a micro grid, moved to a cryo-treatment, and was 367 

placed on the cryo-TEM holder. After the treatment, the grid was maintained 368 

continuously under −170 °C to prevent crystallization of the water. 369 

 370 

Determination of the size of the ASPs 371 

From the TEM images, we measured the mean diameter of the ASPs in the experimental 372 

solution. An example image is shown in Fig. S3. The ASPs were counted and the 373 

surface area occupied by the ASPs in the plane was measured. By assuming that each 374 

particle was spherical, we calculated the mean diameter of the ASPs to be 170 nm from 375 

the number and total area of the particles. 376 

  377 
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 493 

Figure 1. The amorphous and crystal phases in supersaturated lysosome solutions. 494 

In situ TEM images of (A) numerous amorphous solid particles (ASPs); (B) an 495 

elongated orthorhombic lysozyme crystal; and (C) a tetragonal lysozyme crystal. The 496 

corresponding electron-diffraction patterns are shown in (D)–(F), respectively. The 497 

arrows in (B) and (C) indicate the <001> direction. In (C), the (110) face of the 498 

tetragonal lysozyme crystal faces upwards. The scale bars are 500 nm (A), 1 m (B), 499 

and 200 nm (C). In (E) and (F), the crystal zone axes are [10314] and [1 –1 0], 500 

respectively. 501 

 502 

  503 
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 504 

Figure 2. The nucleation of lysozyme crystals monitored by time-resolved in situ 505 

TEM. 506 

(A) A spherical particle observed at 0.1 s (yellow arrowhead) transforms into an 507 

orthorhombic crystal. A second crystal nucleates at 10 s. The size, L1, is defined by two 508 

dashed lines and a bidirectional arrow at 1 s. The scale bar is 200 nm. (B) A spherical 509 

particle, indicated with a yellow arrowhead, forms at 0.17 s near an amorphous solid 510 

particle (ASP) and transforms into an orthorhombic crystal. The size, L2, is defined 511 

similarly to L1 in (A). The scale bar is 200 nm. 512 

 513 

  514 
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 515 

Figure 3. The size evolution of nucleated particles. 516 

The size evolutions of particles L1 in Fig. 2A (circles) and L2 in Fig. 2B (diamonds) 517 

reveal decreasing growth rates on average. (Inset) Zoom-in of 0–10 s. Dotted lines are 518 

logarithmic fits to each data set. 519 

 520 

 521 

 522 

Figure 4. Frozen particle with a crystal in its center observed by cryo-TEM. 523 

(A) The particle has a different contrast than the facetted faces, indicating a crystalline 524 

structure. The scale bar is 50 nm. (B) The corresponding diffraction pattern of the 525 

particle shows a Laue spot (indicated by a triangle). The scale bar is 2 nm−1. 526 

 527 

  528 
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 529 

Figure 5. Schematic of the nucleation pathway of lysozyme crystals.  530 

Initially, the lysozyme molecules and the ASPs are in the bulk solution. The pathway 531 

where molecules assemble into a crystal was not observed. The transformation from the 532 

ASP to a crystal was also not observed. Instead, molecules were assembled into 533 

non-crystalline particles, for which the detailed features remain undetermined, which 534 

heterogeneously nucleate on the container walls or sometimes on the surface of the 535 

ASPs. Crystal nucleation was observed only via the non-crystalline particles. 536 

  537 
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Supporting Information  538 

 539 

SI Text 540 

 541 

Calculation of the concentration changes around a growing crystal. 542 

When a crystal of lysozyme is growing in solution, the concentration of lysozyme 543 

molecules in the solution should decrease because of incorporation of molecules into 544 

the crystal surface. To evaluate the effect of this concentration decrement on the growth 545 

rate under TEM, we calculated the concentration of lysozyme molecules around a 546 

growing crystal on the basis of our experimental setup and results. 547 

Consider a simple model in which a spherical crystal of radius r nm is nucleated in a 548 

growth solution in which r enlarges (grows) isotopically with time. The moment when 549 

nucleation commences (r = 0) is defined as t = 0 s, where t is the time from the 550 

nucleation. Molecules for the growth of the crystal are provided by diffusion from the 551 

growth solution to the crystal, and the volume of the growth solution is defined by r, the 552 

diffusion length l, and the thickness of the fluid cell (500 nm). A schematic 553 

representation of this model at time t is shown in Fig. S8A. We applied this model to the 554 

crystallization of the orthorhombic crystal. 555 

The radius r(t) was calculated using the logarithmic function from fitting in Fig. 3 of L2. 556 

The mass of lysozyme in a particle at time t [Mc(t)] can be expressed as follows: 557 𝑀𝑐(𝑡) =  𝑉𝑐(𝑡)𝜌 =  43 π𝑟3𝜌,          (1) 558 

where Vc(t) is the volume of the crystal and ρ is its density. From the structure of the 559 

unit cell of the orthorhombic lysozyme crystal (four molecules in 5.644 × 7.373 × 3.043 560 

nm (33)), the molecular weight of the lysozyme (14,300), and the Avogadro constant 561 

(6.02 × 1023), the density ρ is calculated to be 0.75 g cm–3. The diffusion length l can be 562 

expressed as 𝑙 = √𝐷𝑡, where D is the diffusivity of the lysozyme molecule in the 563 

growth solution, which is 1.1 × 10–10 m2 s–1 (34). 564 

We now consider the mass Ms of lysozyme molecules that can contribute to crystal 565 

growth in the growth solution. The time at which L exceeds 500 nm, the thickness of the 566 

liquid cell, is about 0.005 s. Because this time is much smaller than the time resolution 567 

of the TEM movies (recording interval: 157 ms), we can ignore the vertical direction 568 

and assume a cylindrical geometry for the purposes. From the volume of the cylinder 569 

described above and the volume of the nucleated crystal, the volume of the growth 570 

solution Vs that contains molecules that contribute to crystal growth can be expressed as 571 

follows: 572 
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𝑉𝑠(𝑡) =  4π(𝑟 + 𝑙)2ℎ −  43 π𝑟3          (2) 573 

The total mass M of lysozyme molecules in this cylinder is VsC (where C is the initial 574 

concentration of the growth solution ~15 mg mL–1). The value of Ms can then be 575 

obtained by using M and Mc, as follows: 576 𝑀𝑠(𝑡) = 𝑀 − 𝑀𝑐 = 4π(𝑟 + 𝑙)2ℎ𝐶 −  43 π𝑟3𝜌          (3) 577 

Finally, the concentration C* in the cylinder at t is given by the following expression: 578 𝐶∗(𝑡) = 𝑀𝑆𝑉𝑠 = 3(𝑟 + 𝑙)2ℎ𝐶 − 𝑟3𝜌3(𝑟 + 𝑙)2ℎ − 𝑟3           (4) 579 

The description of C*(t) is shown in Fig. S8B. 580 

According to this calculation, C*(0.15) = 14.992 mg mL–1 is lowest in the range 0 < t ≤ 581 

8. This decrease in comparison with the initial concentration is only 0.05%. After t = 582 

0.15, the concentration gradually increases because of the decrease in the growth rate. 583 

As a result, the concentration recovers to C*(8) = 14.998 mg mL–1. The difference in 584 

supersaturation ln(C/Ce) – ln{C*(8)/Ce} is about 0.0005. The expected decrease in the 585 

growth rate of orthorhombic crystals for this difference in supersaturation is about 0.04 586 

nm s–1 in the <001> direction under our experimental conditions. Note that this change 587 

in growth rate is too small to explain the decrease in growth rate immediately after the 588 

nucleation under TEM. The change in concentration around the crystal is therefore too 589 

small to affect the growth rate under our experimental conditions. 590 

 591 

Estimation of the temperature elevation of the liquid cell 592 

To evaluate the temperature elevation by electron beam, we calculated the temperature 593 

in the center of the beam. According to the Grogan et al. (18), the maximum 594 

temperature elevation at the center of the beam is 595 

 596 ∆𝑇𝑚𝑎𝑥 = 102𝑆𝐼𝜋𝛼𝐶𝑝 {14 − 12 𝑙𝑛 (𝐿𝑎)},          (5) 597 

 598 

where 𝑆 is the electron stopping power [MeV cm2 g-1 electron-1], 𝐼 is the beam current 599 

[C s-1], 𝛼 is the thermal diffusivity of water [m2 s-1], 𝐶𝑝 is the specific heat at constant 600 

pressure of water [J g-1 K-1], L is the radius of a disk that has the same area of the Si3N4 601 

window [m], and a is the radius of the beam [m]. For calculation, we used 𝑆 = 2.8 at 602 

200 keV (35), 𝛼 = 1.4×10−7 (36), 𝐶𝑝 = 4.18 (37), 𝐿 = 5.6×10−5 , 𝑎 = 2.8×10−6 603 

as typical values, and obtained ∆𝑇𝑚𝑎𝑥=1.33 for our experimental condition. 604 
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605 

Figure S1. Schematic image of the liquid cell for in situ TEM observations.  606 

The crystallization solution is located between the small and large plates. Observations 607 

are performed through the solution layer formed by 150 or 500 nm-thick spacers 608 

sandwiched between a pair of amorphous silicon nitride windows in the path of the 609 

electron beam. The size of the available observation area perpendicular to the electron 610 

beam is 50 × 50 μm. The growth solution entering the liquid cell flows between the 611 

large plate and the small plate. The scale bar is 1 mm; the thicknesses of the spacers are 612 

not to scale. 613 

  614 
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 615 

Figure S2. Normalized intensity correlation functions of lysozyme solutions.  616 

The three solutions exhibit a decay with characteristic delay time about 20 s, 617 

corresponding to the diffusion time of lysozyme molecules. The unfiltered solution with 618 

concentration 50 mg mL–1 in the only one that exhibits a second decay with 619 

characteristic time about 1 ms that suggests the presence of a population of aggregates.  620 

  621 
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 622 

Figure S3. Representative TEM images of ASP.  623 

(A) Bright-field in situ TEM image of dispersed ASPs in the liquid cell. The mean 624 

diameter of the ASPs in the solution was calculated from the number and total area of 625 

the ASPs, assuming that each ASP is a sphere. (B) Cryo-TEM image of ASPs and (C) 626 

corresponding electron diffraction pattern. The halo pattern shows amorphous structure 627 

of the particles. The scale bars are 200 nm in (B) and 2 nm-1 in (C), respectively. 628 

  629 
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 630 

Figure S4. The stabilities of the observed crystal phases. 631 

Bright-field in situ TEM images show an orthorhombic (upper) and a tetragonal (lower) 632 

lysozyme crystals at 0 and 200 s. The orthorhombic crystal grew by about 400 nm in the 633 

<001> direction (white arrow). In contrast, the tetragonal crystal dissolved by about 70 634 

nm in the <001> direction (yellow arrow), but did not grow or dissolve in the <110> 635 

directions. This image sequence demonstrates that the orthorhombic phase is more 636 

stable than the tetragonal phase under the tested experimental conditions. The scale bar 637 

is 200 nm.  638 

  639 
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 640 

Figure S5. The stabilities of the observed phase between orthorhombic crystal and 641 

ASPs. 642 

Bright-field in situ TEM images show the two orthorhombic lysozyme crystals and the 643 

aggregate of ASPs which exists next to crystals. These ASPs gradually dissolved and 644 

completely disappeared within 240 s. In contrast, the orthorhombic lysozyme crystals 645 

stably remained. This image sequence demonstrates that the orthorhombic crystal is 646 

more stable than the ASPs under the tested experimental conditions. The scale bar is 647 

500 nm.  648 

 649 

 650 

Figure S6. The electron beam effects to the orthorhombic lysozyme crystal. 651 

Bright-field in situ TEM images show the orthorhombic lysozyme crystal (A) growing 652 

at 3.2×102 electron nm-2 s-1 of the electron flux and (B) dissolved after irradiated 653 

2.9×103 electron nm-2 s-1 of the electron flux. The scale bars are 500 nm. 654 

  655 
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 656 

Figure S7. Growth rates of the orthorhombic crystals in the presence of electron 657 

irradiation. 658 

(A) Bright-field in situ TEM image of an orthorhombic lysozyme crystal. The 659 

bidirectional arrows labelled L<001> and L’ indicate the sizes along the <001> direction 660 

and the direction perpendicular to the <001> direction, respectively. The scale bar is 200 661 

nm. (B) The evolution of L <001> and L’ for the crystal shown in (A). The growth rate 662 

in the <001> direction, measured by linear fitting of the appropriate data, was 1.68 ± 663 

0.03 nm s–1. The growth rate in the L’ direction was below the limit of detection. (C) 664 

Growth rates of orthorhombic lysozyme crystals measured by optical microscopy as a 665 

function of supersaturation σ. The numbers above the diamonds show the corresponding 666 

experimental temperature in oC. 667 

  668 
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 669 

Figure S8. Evaluation of concentration variations around a growing particle. 670 

(A) Schematic of the model geometry. A particle of radius r (shown in green) nucleates 671 

and grows with the observed growth rate. The volume of the growth solution that 672 

contributes to the crystal growth is defined by the diffusion length 𝑙 = √𝐷𝑡, where D is 673 

the diffusivity of the lysozyme molecule in the growth solution, which is 1.1 × 10–10 m2 674 

s–1 (34). The thickness of the growth cell is 500 nm. (B) The evolution of the lysozyme 675 

concentration C* in contributing growth solution for 8 s after nucleation. The largest 676 

decrease in C* is 0.05% for an initial concentration of 15 mg mL–1. This decrement 677 

should decrease the growth rate by only 0.04 nm s–1. 678 

  679 
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 680 

Figure S9. Measurement of the step velocity of the orthorhombic lysozyme crystal.  681 

A step on a (110) face of an orthorhombic lysozyme crystal was continuously observed 682 

at the same position by phase-contrast microscopy (A to E). The black arrowhead in (A) 683 

indicates the position where the step is generated. The blue arrowheads in (B) to (E) 684 

indicate the tip of the step. We measured the step velocity in the <001> direction from 685 

the rate of displacement of this tip. A time–space plot image (F) along the X–X’ line in 686 

E shows the movement of the tip of the step along the white arrow in (F). The slope of 687 

the step trace yields a step velocity of 44 nm s–1. The scale bar in (A) is 50 μm. 688 

 689 

 690 

Figure S10. Freezed particle with a diffraction contrast observed by cryo-TEM. 691 

(A) – (B) The particle under different focus position shows that the diffraction contrasts 692 

indicated by triangles move with the focus position. This particle is the same as the 693 

particle in Fig. 4. The scale bars are 200 nm.  694 
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 695 

Movie S1. The nucleation of an orthorhombic lysozyme crystal within a 696 

non-crystalline particle attached to the cell wall monitored by bright-field in situ 697 

TEM. 698 

The movie is in real time. Recorded with HF-3300 transmission electron microscope 699 

(Hitachi). The scale bar is 1 μm. 700 

 701 

 702 

Movie S2. The nucleation of an orthorhombic lysozyme crystal within a 703 

non-crystalline particle attached to an ASP monitored by bright-field in situ TEM. 704 

The movie is displayed at 2× the recording speed; the actual time is displayed in the 705 

lower left-hand corner. Recorder with H-8100 electron microscope (Hitachi). The scale 706 

bar is 500 nm. 707 

 708 

 709 

Movie S3. Beam effect to the orthorhombic lysozyme crystal under our 710 

experimental conditions. 711 

The movie is displayed at 10×speed. Recorder with H-8100 electron microscope 712 

(Hitachi). The actual size of the view field moves from 1.6×2.2 μm to 0.54×0.74 μm, 713 

then moves back to 1.6×2.2 μm. 714 


