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Programmed synthesis of mesoporous 
protein crystals in cellular reactors
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Zuo-Han Zhao    1, Byeongdu Lee    5, Chang Woo Song    1,4, Shunzhi Wang    3, 
Jiaxi Lu    1,4, Yimei Wang1,4, Yongzhi Sun    1,4, Ken Livi1, David Baker    3, 
Yayuan Liu    2   & Dingchang Lin    1,4,6,7 

Protein crystals are naturally derived mesoporous materials with 
versatile structures and physicochemical properties. Here we introduce 
an intracellular synthesis platform that enables controllable and 
programmable protein crystallization. In live cells, we show that, after initial 
nucleation, steady protein expression governs crystal growth, yielding 
predictable, tunable dynamics in live cells. Exploiting this feature, we 
combined HaloTag and click chemistries to achieve modular, programmable 
immobilization of diverse guest materials with spatial patterning down 
to ~100 nm resolution. We further demonstrated the sequential release 
of immobilized materials in physiologically relevant fluids. As a proof 
of concept, we programmed particles to carry human fibroblast growth 
factors in distinct layers, which elicited designed oscillatory Akt signalling 
patterns in cell culture. This work outlines a programmable method for 
producing mesoporous materials, with possible applications in catalysis 
and biomedicine.

Protein crystals are a distinct class of mesoporous materials, char-
acterized by their ordered lattices, structural diversity and intrinsic 
biological origin1–4. During crystallization, proteins self-assemble into 
long-range, three-dimensional (3D) lattices that inherently contain 
interconnected mesopores5–7. The diversity of protein sequences, con-
formations and interfacial properties creates a limitless landscape 
of possible structures. Recent advances in protein design have fur-
ther enabled de novo crystals with tunable porosity and pore dimen-
sions, expanding the design potential of crystalline mesoporous 
protein materials8–10. Their biological nature also provides inher-
ent biofunctionality, biodegradability and biocompatibility, while 
genetic and biochemical engineering allows facile modification and 
functionalization11–19. Together, these attributes make protein crystals 
promising applications in biology, biomedicine and beyond20,21.

Protein crystals are conventionally synthesized via in vitro pro-
cesses, where proteins are purified from microbial expression systems, 
concentrated and crystallized under meticulously optimized condi-
tions22. Like inorganic crystallization, these processes initiate in static, 
supersaturated environments, where nuclei form and grow through 
continuous building-block consumption within a metastable zone 
until equilibrium is reached23,24. This kinetically driven process limits 
control over nucleation and growth, causes batch-to-batch variability 
and potentially traps defects. The emerging intracellular crystalli-
zation offers a scalable and cost-effective alternative by bypassing 
protein purification and guest loading4,25, but its broader potential 
remains underexplored.

Here, we established the predictable and controllable synthesis of 
computationally designed protein crystals within live mammalian cells. 
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Live cells act as isolated, uniform microreactors that confine nucleation 
and growth while continuously supplying building blocks to sustain 
post-equilibrium growth (Fig. 1a). We developed a mathematical model 
that accurately describes intracellular growth dynamics. Leveraging 
this predictability, we programmed HaloTag-mediated installation of 
orthogonal click-chemistry ligands at defined radial positions, creating 
nanoscale layered patterns with sharp boundaries, tunable spacings 
and specific reactivity. Diverse guests, including inorganic particles, 
proteins and organic molecules, were subsequently immobilized into 
designated layers, yielding complex structural and compositional 
patterns of up to 4 distinct guests and 11 layers. These layer-patterned 
crystals dissolved sequentially in physiological fluids. Programmed 
crystals loaded with basic fibroblast growth factor (bFGF) in defined 
layers induced oscillatory Akt signalling in live cells, highlighting their 
potential for programmed drug release.

Intracellular synthesis of protein crystals with 
high porosity
Spontaneous crystallization in live cells is rare and limited to few known 
proteins26, underscoring the need for robust, on-demand methods 

to generate intracellular protein crystals. Advances in protein design 
now enable protein construction with accurate structures27–29, and 
a recent hierarchical strategy has generated in vitro crystals with 
broadly tunable porosity and pore size, providing a foundation for 
designing intracellular crystals. Exploiting this principle, we con-
structed three distinct two-component lattices and diversified them 
by mutating binding residues within extendable interfaces (Fig. 1b 
and Extended Data Fig. 1a,c). The resulting variants were screened 
within HEK293T cells via transient transfection. The plasmid encod-
ing the two building blocks of each variant was constructed using a 
P2A domain for equimolar expression (Extended Data Fig. 1e). Vari-
ants that formed intracellular assemblies were identified in all three 
lattices (Fig. 1c and Extended Data Fig. 1b,d), probably reflecting the 
design accuracy and the low likelihood of non-specific interactions with  
endogenous proteins.

Among the variants, we selected FC1 for further optimization. FC1 
crystallizes into a high-symmetry cubic lattice (Fig. 1b), with intercon-
nected ~11.6-nm pores and ~85% porosity, well suited for immobilizing 
diverse nanomaterials (Supplementary Fig. 1). Structural analysis 
identified interfacial T55 and I58 as critical for lattice extension: T55 

a

b c d

e

Membrane
Nucleus
In cellulo crystal

Exp.
Sim.

q (Å–1)
0.05 0.1 0.2 0.3

I (
q)29.4 nm 11.6 nm

5 µm

2 µm 2 µm 2 µm 2 µm 2 µm 2 µm

P2A

Fig. 1 | Intracellular synthesis of computationally designed protein crystals.  
a, Schematic of intracellular synthesis of protein crystals. Cells carrying the genes 
of the crystal building blocks were cultured to produce crystals intracellularly. 
As cells supply the building blocks in a steady and predictable manner, crystal 
growth over time can be predicted and controlled. b, Perspective view (left)  
and [111] projection (right) of the computational model of FC1m structure.  
c, Fluorescence image showing the crystallization of FC1m in a HEK293T cell. 

Experiments were independently repeated five times with similar results. 
Green, FC1m crystal; grey, nuclei; orange, plasma membrane. d, SAXS profile 
of intracellular FC1m (red) compared with the simulated profile (grey). Exp., 
experimental data; Sim., simulated profile; q, scattering vector. e, Reconstructed 
3D images showing that intracellular FC1m maintains an octahedral shape 
throughout different stages of growth.
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engages in hydrogen bonding with D62 and R123, while I58 forms a 
hydrophobic core. We systematically mutated both sites and expressed 
each variant in HEK293T cells.

Substituting T55 with positively charged residues substantially 
enhanced intracellular crystallization, where stronger positive charge 
increases crystal yield (Extended Data Fig. 2), probably through electro-
static interactions with D62. By contrast, I58 tolerated substitution with 
other hydrophobic residues or cysteine without notably compromising 
crystallization (Extended Data Fig. 3).

Among the tested variants, T55R (FC1m) exhibited the most effi-
cient intracellular crystallization and was selected for further charac-
terization. Small-angle X-ray scattering (SAXS) analysis of extracted, 
intracellularly formed FC1m closely matched the computationally 
designed lattice model (Fig. 1d and Supplementary Fig. 2). FC1m crys-
tals consistently adopted an octahedral morphology throughout 
distinct growth stages, indicating high crystallinity and preferential 
exposure of the low-energy {111} facets (Fig. 1e). Given the favourable 
properties, FC1m was used as our model system, while other variants 
remain promising for future optimization.

Predictable and controllable crystallization in  
live cells
We next investigated whether cellular reactors support predict-
able and controllable crystallization. Unlike conventional in vitro 
approaches where growth ceases upon building-block depletion, 
intracellular crystals exhibit a second steady-growth phase driven 
by the sustained, predictable and controllable synthesis of building 
blocks (Supplementary Fig. 3a).

We established a mathematical model for the steady-state phase 
(Methods). In live cells, newly synthesized building blocks either remain 
soluble, undergo degradation or incorporate into crystals 
(Supplementary Fig. 3b). At steady state, the concentration of soluble 
building blocks remains constant, resulting in a constant degradation 
rate under first-order kinetics. Assuming constant-rate building-block 
synthesis when transcription, translation and mRNA degradation reach 
equilibrium, the incorporation rate into crystals should also remain 
constant. As FC1 grow as perfect octahedra, we derived the edge length 
at  as a function of time t : at = (K0t + C)1/3  (1), where K0 and C  are 
constants (Methods).

We assessed the model’s accuracy by mapping and simulat-
ing FC1m growth. To avoid variability from transient transfection, 
we generated a clonal HEK293T cell line stably expressing FC1m 
(Supplementary Fig. 4). A ~34-kDa HaloTag was fused to the N termi-
nal of a subset of FC1m-A building blocks through a flexible (GGS)6 
linker, enabling chemical functionalization and fluorescent visualiza-
tion30. To limit pore occupancy, untagged and HaloTag-fused building 
blocks were coexpressed at a ~7:2 molar ratio, yielding crystals with 
~35 mol% HaloTag-fused A chains (Supplementary Fig. 5). Expression 
was induced with doxycycline (DOX) using a Tet-ON system31, and 
growth was tracked by time-lapse imaging over 64 h. Size-distribution 
dynamics were quantified by segmenting and analysing all crystals 
in each frame (Supplementary Fig. 6). A substantial number of crys-
tals was detected within 5 h post-induction, suggesting a low nucle-
ation energy barrier. The early and synchronous nucleation limits 
pre-equilibrium crystal growth, thereby preserving the capacity for 
the controllable phase. As growth progressed, a bimodal distribution 
emerged, probably from the nucleation of new crystals after cell divi-
sion (Fig. 2a). As most cells nucleate only one crystal (Fig. 2b), division 
randomly partitions the crystal to one daughter cell, leaving the other 
crystal-free and prone to further nucleation.

To further characterize growth dynamics, we analysed the 
population of larger crystals in each scene (Fig. 2a, yellow), corre-
sponding to those from initial nucleation. The volume index, derived 
from the segmented area (Methods), increased linearly with time 
(R2 = 0.988), closely matching the mathematical model (Fig. 2c, red, 

and Supplementary Movie 1). Linear growth persisted over 60 h, and 
remained stable throughout early passages (≤P12), whereas later pas-
sages (P20) showed slower growth (Supplementary Fig. 7). Therefore, 
only cells at passage 10 or lower were used in this study.

We then modulated the growth rate via tuning building-block 
expression, achieved by clonal cell lines with varied FC1m gene copy 
numbers. In addition to the original fast-growing line, we generated 
medium and slow lines, both showing linear growth with R2 values 
of 0.995 and 0.978, respectively (Fig. 2c, violet and orange). Their 
nucleation onset, however, was delayed to ~12 and ~17 h post-induction, 
reflecting the longer time needed to reach supersaturation threshold 
for nucleation (Fig. 2c). The three cell lines exhibited distinct growth 
rates across a broad range (Fig. 2d). This was further validated by track-
ing the growth of individual crystals, where similar growth kinetics 
were observed (Extended Data Fig. 4 and Supplementary Movie 2). 
Taken together, these results show that intracellular crystal synthesis 
is both predictable and controllable.

Structural stability and programmability of  
FC1m crystal
To spatially program FC1m growth, minimal building-block exchange 
is essential. Some porous materials, such as metal–organic frame-
works, exhibit dynamic skeletons and tend to form homogeneous 
structures32. Here, we quantified the exchange rate of FC1m building 
blocks by introducing spatial heterogeneity and monitoring homog-
enization over prolonged incubation. Specifically, heterogeneity was 
introduced by sequentially staining growing HaloTag-labelled crystals 
using HaloTag-ligand-conjugated Janelia Fluor ( JF) dyes of distinct 
colours33–35. The layer-patterned crystals were extracted, incubated in 
phosphate-buffered saline (PBS) supplemented with saturated building 
blocks (Supplementary Fig. 8), and monitored for pattern sharpness 
over 28 days (Fig. 2e–h and Supplementary Fig. 9).

Initially, extracted crystals exhibited well-defined layered struc-
tures (Fig. 2e), indicating sufficient structural stability during 2-day 
growth to introduce spatial patterns. Under prolonged incubation, the 
change in layer sharpness remained negligible for 5 days and became 
noticeable on day 7. After 28 days, the peak-to-valley ratio of the bands 
still retained about two-thirds of the original value. The results confirm 
the structural stability of FC1m crystals and support their use for pro-
gramming spatial heterogeneity.

The JF-dye patterns exemplify the spatially programmed immobili-
zation of cell-permeable organic ligands. To further evaluate program-
mability, we sequentially incubated crystal-growing cells with three 
spectrally distinct JF dyes in a defined order (Fig. 2i). By incrementally 
varying the incubation time from 1 to 5 h, we generated 11 sharp bands 
with ~100–200 nm bandwidths, equivalent to ~3.5–7 lattice periods 
(Fig. 2j–l). This sharpness arises from the fast labelling kinetics of JF 
dyes34 (Supplementary Fig. 10) and low cytoplasmic equilibrium con-
centration of HaloTag-labelled building blocks. The former enables 
instant labelling as the building blocks were synthesized, whereas 
the latter ensures that the building blocks labelled with the previous 
dye depleted rapidly after dye switch. Among tested HaloTag fusion 
sites, the N terminal of FC1m-A affords the lowest cytosolic equilib-
rium concentration and thus is optimal for producing sharp bands 
(Extended Data Fig. 5).

Programmable immobilization of diverse 
materials
Sequential staining offers a viable route for the programmed immo-
bilization of distinct organic molecules, where fluorophores could be 
readily replaced with other membrane-permeable, non-toxic molecules 
for spatially programmed immobilization in crystals. However, its 
limited molecular scope restricts broader application, motivating a 
modular platform for immobilizing virtually any guest material that 
fits within the crystal pores.

http://www.nature.com/naturenanotechnology
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To achieve this, we integrated HaloTag with orthogonal click  
chemistries to establish the guest-loading platform (Fig. 3a). ‘Halo- 
Click’ ligands containing both chloro- and click-reactive groups were 
designed and sequentially programmed into designated crystal 
layers, analogous to dye switching, after which extracted crystals 
can be loaded with guests bearing complementary click groups 
(Fig. 3b). Specifically, we synthesized four Halo-Click ligands: Cl-azide, 
Cl-dibenzocyclooctyne (DBCO), Cl-trans-cyclooctene (TCO) and 
Cl-methyltetrazine (mTz), designed for orthogonal strain-promoted 
azide–alkyne cycloaddition (SPAAC) and inverse electron- 
demand Diels–Alder reactions (Extended Data Fig. 6; Methods). 
Cell-permeability and HaloTag-labelling kinetics were jointly eval-
uated by ligand incubation at various concentrations and for dif-
ferent durations, followed by visualization using click-conjugated 
fluorophores (Supplementary Figs. 11 and 12). At ≥2 μM, all ligands 

labelled HaloTag within minutes, indicating efficient trans-membrane 
diffusion and HaloTag binding. Among them, the orthogonal 
Cl-TCO/Cl-azide pair showed the fastest labelling (Fig. 3c), consist-
ent with band-sharpness results from sequential switching tests 
(Supplementary Figs. 13–16).

Next, we tested immobilization of diverse materials, including 
inorganic nanoparticles, proteins and organic molecules that fit the 
pore dimensions of FC1m (Supplementary Fig. 17). To facilitate visu-
alization, we used fluorescent materials from each category, including 
quantum dots (QDs; Fig. 3e and Extended Data Fig. 7a–c), fluorescent 
proteins (FPs; Fig. 3f and Extended Data Fig. 7d) and fluorescent dyes 
(Fig. 3g), as proof of concept. We performed sequential switching 
between 2 μM Cl-TCO and Cl-azide in crystal-growing cell cultures at 
8-h intervals for three cycles (Fig. 3d), followed by extraction of crys-
tals and loading of the diverse materials. All three cargo types were 
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Fig. 2 | Characterization of intracellular FC1m crystals. a, Evolution of the 
size distribution of intracellular FC1m crystals. A bimodal distribution emerges 
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root of the 2D segmented area. b, Statistical analysis of the number of crystals 
nucleated per cell. c, Growth profiles and corresponding simulations of three 
clonal HEK293T cell lines engineered to grow intracellular FC1m at fast (red), 
medium (violet) and slow (orange) rates. Shaded areas: s.d. Data are presented 
as mean ± s.d. N = 5 time-lapse sessions per group. d, Statistical comparison of 
the growth rates among the three clonal cell lines. Box bounds, the 25th/75th 
percentiles; whiskers, minimum/maximum; squares, mean; centre lines, median. 
N = 5 time-lapse sessions per group. Significance was determined using one-way 
analysis of variance test followed by Tukey’s multiple-comparisons test. All tests 
were two-sided. ****P < 0.0001. e–g, Representative crystals (top) and their 

normalized fluorescence intensity profiles (bottom) showing the sharpness of 
colour transitions at days 0 (e), 14 (f) and 28 (g) after crystal harvest. Data are 
presented as mean ± s.d. (shaded areas). N = 20 crystals per condition.  
h, Statistical analysis of the evolution of band sharpness over varying incubation 
durations. The P values represent the comparison with the peak-to-valley ratio 
on day 0. Box bounds, the 25th/75th percentiles; whiskers, minimum/maximum; 
squares, mean; centre lines, median. N = 20 crystals per condition, Welch’s 
t-test. All tests were two-sided. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
i, Schematic of the sequential dye incubation protocol used to generate layered 
fluorescent patterns. HT-BB, HaloTag-labelled building block. j–l, Reconstructed 
3D image (j), 2D cross-sectional image (k) and corresponding radial fluorescence 
profile (l) of a representative crystal obtained using the protocol in i.
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immobilized in designated layers, whereas larger cargos with multi-
valent surface-clickable groups generally exhibit lower loading effi-
ciency (Supplementary Fig. 18). While crystals may nucleate at different 
times, multilayer patterns are synchronized at the outermost layer. 
QD bands were slightly less sharp than protein and small-molecule 
bands, probably due to slow clearance of uncoupled QDs from solvent 
channels. Although HaloTag partially occupies pores and may hinder 

guest diffusion, this can be mitigated by tuning the HaloTag incor-
poration ratio and linker flexibility to balance pore accessibility with 
chemical-handle density and reduce pore blockage.

This programming strategy was further examined in other intra-
cellular assemblies, including rod-shaped iPak4 and particle-shaped 
IC135,36 (Supplementary Fig. 19), both of which showed patterned 
structures along their growth axes. These results support the general 
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applicability of this approach for programmed synthesis of porous 
protein scaffolds.

Expanding programmability by orthogonal 
inducible click chemistry
To increase programming complexity beyond dual-material 
co-immobilization, we sought to incorporate more distinct guests 
by adding orthogonal conjugation chemistries. Beyond SPAAC 
and inverse electron-demand Diels–Alder, conditional reactions 
such as photo-triggered click chemistries37,38 and copper-catalysed 
azide–alkyne cycloaddition (CuAAC)39, offer conditional activa-
tion and minimal cross-reactivity, making them well suited for 
expanding programmability.

To explore this, we synthesized two additional Halo-Click ligands: 
Cl-cagedDBCO (cDBCO), a photo-activatable derivative for SPAAC40 
(Fig. 4a and Extended Data Fig. 8) and Cl-alkyne for CuAAC (Fig. 4b 

and Extended Data Fig. 8). Both showed rapid membrane crossing and 
HaloTag labelling (Supplementary Fig. 20) and were combined with 
Cl-TCO and Cl-azide to program up to four distinct material types.

We first tested three-band programming using Cl-TCO, Cl-azide 
and Cl-cDBCO, sequentially incubating cells with each ligand at 
8-h intervals for two cycles (Fig. 4c). After programming, TCO- and 
azide-labelled layers were conjugated with sulfoCy3-mTz and sul-
foCy5-DBCO, respectively; after washing, cDBCO were ultraviolet 
(UV)-deprotected and labelled with Alexa Fluor 488-azide. This 
yielded three bright, well-defined fluorescent bands, confirming spa-
tial loading of three distinct materials (Fig. 4d). Replacing Cl-cDBCO 
with Cl-alkyne enabled similarly sharp third-band labelling via 
Cu(I)-catalysed CuAAC (Supplementary Fig. 21). Multiple switching 
sequences and incubation intervals further confirmed the robustness 
and versatility of photo-triggered and Cu(I)-catalysed click chemistries 
for spatial programming (Supplementary Figs. 21–23).
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Data are presented as mean ± s.d. (shaded areas). N = 20 crystals derived from 4 
independent biological replicates per group.
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We then extended the platform to co-immobilize four distinct 
materials by sequentially programming crystals with Cl-TCO, Cl-azide, 
Cl-cDBCO and Cl-alkyne at 8-h intervals for two cycles (Fig. 4e). After 
extraction, TCO-, azide-, alkyne- and cDBCO-modified layers were 
sequentially labelled with sulfoCy3-mTz, sulfoCy5-DBCO, Alexa 
Fluor 488-azide via CuAAC, and Cy3.5-azide after UV deprotection, 
respectively. The resulting crystals displayed four distinct bands 
with negligible crosstalk, each precisely matching the programmed 
sequence (Fig. 4f). To further assess band-width tunability, we varied 
ligand-switching intervals and found that sharp bands persisted at 
reduced intervals of 3, 2 and 1 h, with the thinnest bands reaching 
sub-100-nm resolution (Fig. 4g–i). Bandwidth scaled with the switching 
interval and matched the crystal growth profile (Fig. 4j).

Together, these results show that multiple orthogonal click chem-
istries enable complex and programmable spatial immobilization of 
diverse materials, offering unparalleled flexibility and versatility for 
patterning material distributions within the mesoporous scaffolds.

Sequential release of immobilized materials
One promising application of the spatially programmed FC1m crystals 
is sequential release of immobilized drugs. To test this, we investigated 
whether programmed crystals undergo controlled, layer-by-layer dis-
solution in physiologically relevant fluids. As a model, FC1m crystals 
were sequentially labelled with JF525 and JF669 dyes at 8-h intervals, gen-
erating five distinct layers for dissolution studies.

To simulate physiological environments, we imaged crystal dis-
solution in buffers with physiological ionic strength and pH 4.5–6.8, 
representing conditions in different tissues and organs41. As expected, 
dissolution proceeded in reverse programmed order at all tested pH 
values. Lower pH accelerated dissolution, with total dissolution time 
ranging from ~4.5 h at pH 4.5 to ~24 h at pH 6.8 (Fig. 5a). To assess 

dissolution at the population level, we monitored supernatant fluo-
rescence during dissolution by UV–visible spectroscopy. Stepwise, 
alternating increases in JF525 and JF669 fluorescence indicates synchro-
nized, layer-by-layer dissolution across the crystal population (Fig. 5b, 
Supplementary Fig. 24 and Supplementary Movie 3). This synchroni-
zation benefits from aligned outermost layers across crystals and a 
‘last-in, first-out’ release scheme.

To demonstrate programmed biomolecular release, we loaded 
bFGF into designated programmed layers using the FP-loading pro-
tocol. Similarly, FC1m crystals were sequentially programmed into 
five distinct layers labelled with Cl-TCO and Cl-azide at 8-h intervals. 
Programmed crystals exhibited alternating layers carrying two dis-
tinct click-chemistry handles, but only one was conjugated to bFGF, 
generating two types of FC1m-bFGF pattern, with the outermost 
layer either containing or lacking bFGF (denoted as bFGF/blank and 
blank/bFGF, respectively). The fully dissolved particles contained 
107.7 pg ml−1 bFGF (Supplementary Fig. 25). FC1m-bFGF particles were 
incubated with HeLa cells expressing a translocation biosensor for Akt 
activity (Akt-KTR) to monitor signalling in real time42 (Fig. 5c,d). The 
culture medium was adjusted to pH 6.8. Both particle types induced 
oscillatory Akt signalling with activation patterns matching the pro-
grammed sequences (Fig. 5c,d) and fluorescent release kinetics under 
the same pH (Fig. 5a,b), whereas bFGF-free FC1m particles elicited 
negligible fluctuation in Akt signalling (Supplementary Fig. 26). 
It is noteworthy that the second activation window is consistently 
shorter, which may reflect slight pH drift during the experiment 
that alters the dissolution rate. Although release schedule and dose 
were not varied here, they could be tuned by altering the number or 
thickness of programmed layers and tuning handle density and cargo 
valency. Together, these results confirm the robust programmed 
release of biomolecules in a physiological setting and highlight 
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Fig. 5 | Sequential release of immobilized materials in physiological pHs. 
a, Key frames from time-lapse videos showing layer-by-layer dissolution of 
programmed crystals at pH 4.5 (top), 5.6 (middle) and 6.8 (bottom). b, Time-
dependent release profiles of two immobilized dyes at pH 4.5 (left), 5.6 (middle) 
and 6.8 (right), showing gradual concentration increases during crystal 
dissolution. Data are presented as mean ± s.d. (shaded areas). N = 3 biological 

replicates per group. c,d, Time-dependent Akt signalling dynamics of HeLa 
cells incubated with pH 6.8 medium and FC1m-bFGF particles programmed 
into blank/bFGF (c) or bFGF/blank (d) patterns. Top: representative cells with 
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the potential of spatially engineered protein crystals for precision 
therapeutic applications.

Conclusion
Intracellular crystallization features several advantages as a platform 
for synthesizing mesoporous protein materials. Live cells provide a sus-
tained intracellular supply of protein building blocks, which underlies 
the controllability and predictability of crystal synthesis. They also offer 
confined and reproducible microenvironments that naturally regulate 
and constrain nucleation and crystal dimensions, improving uniformity 
and scalability relative to synthetic microreactors43. In principle, this 
strategy is compatible with existing cell-factory infrastructure for 
industrial protein production, offering a potential path towards scala-
ble synthesis44. Unlike many inorganic porous materials, such as metal–
organic frameworks and mesoporous oxides that often require elevated 
temperatures, high pressures and/or specialized equipment23,45, intra-
cellular crystallization proceeds under physiological, ambient condi-
tions and therefore enables real-time optical monitoring of crystal 
growth and provides facile control over the synthetic process. This 
study provides a strategy to spatially pattern materials at nanoscale, 
complementing existing methods such as nanolithography46, DNA 
origami47, 3D printing48 and colloidal self-assembly49.

Despite these advantages, the current platform still faces several 
limitations. First, crystal size uniformity is affected by continued cell 
division and fresh nucleation, which could be addressed by pausing the 
cell cycle during synthesis or using high-throughput sorting to isolate 
crystals with defined sizes. Second, although HaloTag provides a robust 
handle for chemical programming, it partially occupies pore volume 
and creates a trade-off between functionalization density and pore 
accessibility, particularly for larger cargos such as proteins and nano-
particles. Future optimization could tune the fraction of HaloTag-fused 
building blocks, engineer longer or more flexible linkers, use smaller 
self-labelling tags or adjust cargo-surface ligand density and valency to 
improve loading efficiency and uniformity. Third, while programmed 
crystals undergo layer-by-layer dissolution and sequential biomolecule 
release under physiological conditions, the released cargo remains 
covalently attached to the HaloTag-fused scaffold fragment. Although 
this did not impair bFGF-induced Akt signalling in this study, other 
applications may require traceless cargo release, which could be ena-
bled by cleavable linkers responsive to pH, enzymes, redox state, light 
or other biological triggers.

Looking forward, several directions can further enhance the 
power and utility of the platform. First, expanding the crystal library 
through protein design and engineering remains a major goal. While 
we identified promising crystal candidates in this study through 
site-directed mutagenesis and individual screening, the process exhib-
its low throughput. Scalable platforms and directed evolution could 
greatly accelerate discovery. Second, reducing production costs will 
be essential for broader applications. While mammalian cells offer 
desirable features in this demonstration, alternative chassis such as 
bacteria or lower eukaryotes would be more cost-effective and provide 
microreactors with varied dimensions50. Third, innovations in pro-
gramming modalities will be key to unlocking more complex material 
architectures. As the crystallization process is sensitive to subtle con-
formational changes, approaches that dynamically modulate protein 
conformation using physical cues, such as light or electromagnetic 
fields, could offer faster, more responsive and scalable programming. 
Finally, application-driven engineering of the programmed crystal 
synthesis platform represents another promising direction. In par-
ticular, the programmed materials are well suited for constructing 
multi-enzyme cascades to boost the efficiency of organic synthesis 
in vitro, as well as for organizing multistep metabolic pathways within 
living cells. Together, these innovations could further transform the 
intracellular crystallization platform and accelerate its practical appli-
cations for programmable materials synthesis.
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Methods
Design of protein crystals
The intracellular protein crystals were designed using the strategy we 
reported previously11. Protein cages with experimentally validated 
assembly structures were docked to form lattices in either the F4132 
(FC1 and FC2) or I432 (IC1) space group. Docking was carried out in 
PyMOL through alignment and translation operations. For the design 
of FC1 and FC2, two tetrahedral cages (TET-1 and TET-2) were first 
aligned such that each C2 symmetry axis coincided with the x, y and 
z coordinate axes, with the centre of mass positioned at the origin. 
TET-1 was held fixed, while TET-2 was rotated 90° about the z axis and 
translated along the [1, 1, −1] direction to dock with TET-1. The result-
ing D3-symmetric hexamer at the cage–cage interface was extracted 
and reoriented so that its C3 axis aligned with the z axis, its C2 axis 
aligned with the x axis, and its centre of mass remained at the origin. 
For the design of IC1, docking was performed between two octahedral 
cages (OCT-1 and OCT-2), where OCT-2 was translated relative to OCT-1 
without applying any rotation. In both lattice types, the extracted D3 
assembly unit contained the crystal contact and served as the input for 
Rosetta-based sequence design. Within the RosettaScripts framework, 
building blocks were symmetrized into D3 dihedrals, and interface 
distances were sampled by translating along the z axis (the dihedral 
axis) over a range of ±1.5 Å relative to the docked conformation, with 
no rotational degree of freedom. For each translation, the interface was 
designed using fixed backbones by rotamer packing with layer-based 
design constraints applied to interacting residues. Designs were then 
filtered using the following criteria: ddG <0, solvent-accessible surface 
area >200, clash score ≤2, and ≤2 unsatisfied hydrogen bonds, followed 
by visual inspection to confirm appropriate hydrophobic packing. The 
pore analysis of the designed crystals is performed using MAP_CHAN-
NELS51. The pore size is defined by the diameter of the largest sphere 
that could traverse the crystal lattice in all directions. The porosity is 
defined by the solvent content in the lattice. The protein structures 
displayed in this work were rendered by PyMOL.

Library construction of mutated intracellular crystals. For the origi-
nal intracellular FC1 crystals, the critical interfacial residues (T56 and 
I59 in the A chain) were first identified by inspecting the designed 
interface. Site-saturation mutagenesis was then employed to mutate 
these two sites. In brief, the Q5 Site-Directed Mutagenesis Kit (New 
England Biolabs, E0554S) was used. Mutagenic primers were manually 
designed following established design principles, with the degenerate 
NNK codon replacing the target sites. The resulting mutation library 
was transformed into an EndA- stable competent Escherichia coli strain 
(New England Biolabs, C3040H). Sixty colonies were picked and pre-
pared to represent a broad coverage of possible mutants. Mutations 
were confirmed via Sanger sequencing. The libraries were screened 
for their crystallization capacity in HEK293T cells through transient 
transfection. The T55 site was screened first, while the T55R mutant 
was included in the subsequent screening of I58 mutations.

Cloning and molecular biology. To enable both transient transfec-
tion and the establishment of clonal cell lines, crystal-related genetic 
constructs were cloned into a PiggyBac vector (Addgene, 104454). 
Plasmid assembly was performed using the standard Gibson assembly 
protocol. Specifically, the vector backbone was linearized by dou-
ble restriction enzyme digestion and purified using the GeneJET Gel 
Extraction Kit (Thermo Fisher Scientific, K0691). Target DNA inserts 
were amplified via polymerase chain reaction using the ProFlex PCR 
System (Thermo Fisher Scientific, 4484073) and assembled into the 
plasmid backbone through Gibson recombination. The rtTA3G and 
HaloTag sequences were obtained from Addgene plasmids #120309 
and #177882, respectively. HaloTag was fused to the assembly con-
structs using a flexible 6×GGS peptide linker. All resulting plasmids 
were validated via full-length plasmid sequencing. The amino acid 

sequences of the proteins developed and used in this work are sum-
marized in Supplementary Table 1.

Cell culture and transfection. HEK293T cells (ATCC, CRL-3216) were 
cultured and passaged according to established protocols, as previ-
ously reported21,35. Cells with fewer than ten passages were seeded at 
~30% confluency in either 60-mm tissue culture dishes (STEMCELL 
Technologies, 38070) or 14-mm glass-bottom dishes (Cellvis, D35-
14-1.5-N) pre-coated with 0.1 mg ml−1 poly-D-lysine (Sigma-Aldrich, 
P6407). Cells were maintained in Dulbecco’s modified Eagle medium 
(DMEM; Corning, 15-017-CV) supplemented with 10% fetal bovine serum 
(VWR, 97068-104), 1% penicillin–streptomycin (Sigma-Aldrich, P4333) 
and 1% GlutaMAX Supplement (Thermo Fisher Scientific, 35050061), 
and incubated at 37 °C in a humidified 5% CO2 atmosphere. When cell 
confluency reached 50–70%, transfection was performed using 25-kDa 
linear polyethyleneimine (Polysciences, 23966). After DNA introduc-
tion, cells were incubated under the same conditions for an additional 
8–24 h before proceeding to downstream experiments.

SAXS characterization and analysis
Each solution containing intracellular crystals extracted and purified 
from cells (following the method reported in ‘Isolation and purification 
of crystals’ section) was loaded into a 1.5-mm-diameter quartz capillary, 
sealed with epoxy and shipped to the 12-ID-E beamline of the Advanced 
Photon Source at Argonne National Laboratory. For SAXS measure-
ments at the beamline, an X-ray beam with a size of 0.2 mm (horizontal) 
× 0.1 mm (vertical) and an energy of 18 keV was irradiated onto the 
capillary. The diffraction signals from the sample were collected with 
a Pilatus 2M detector located at about 9 m downstream of the sample. 
The pixel size of this detector is 0.172 mm. Data were collected from 
various spots on each sample. Data processing was performed with the 
standard beamline data processing package available at the beamline. 
Reconstruction of electron density was performed with the Superflip 
software package52.

Development of clonal HEK293T cell lines with stable FC1m expres-
sion. The PiggyBac transposon system was used to generate clonal 
HEK293T cell lines stably integrating the gene of interest. In brief, 
HEK293T cells were co-transfected with PiggyBac transposon plas-
mids encoding the target gene and a puromycin resistance marker, 
along with a Super PiggyBac transposase vector (NovoPro, V012800). 
Transfection was conducted using polyethyleneimine (1 mg ml−1) as 
the delivery reagent. Forty-eight hours after transfection, cells were 
selected with 2 μg ml−1 puromycin (Gibco, A1113803), and antibiotic 
selection was maintained for 1–2 weeks to ensure stable integration. 
Clonal cell lines were established via limiting dilution, with individual 
cells seeded into 96-well plates and expanded after functional valida-
tion. Selected clones were preserved by either continuous passaging 
or cryogenic storage for future use.

Isolation and purification of crystals. Once crystal growth was com-
plete, the culture medium was removed, and the cells were washed 
three times with PBS, each for 1 min. Subsequently, 2 ml of lysis 
buffer—comprising 0.1 M HEPES supplemented with 10% (v/v) NP40 
(MP Biomedicals, 02198596-CF) and 10% (v/v) DNase (10 units μl−1; 
GoldBio, D-300-1)—was added directly to each 60-mm cell culture 
dish. The cells were placed on a shaker at 70 rpm for 2 h to facilitate 
lysis. Afterwards, the crystal-containing suspension was transferred 
to a 1.5-ml microcentrifuge tube and centrifuged at 3,000g for 2 min. 
As crystals are denser, they pellet readily under the centrifugation 
condition, while most of the soluble impurities and cell debris stay in 
the supernatant. The supernatant was then discarded, and the crystal 
pellet was resuspended in 1 ml PBS, followed by another centrifugation 
at 3,000g for 2 min. This washing step was repeated twice to remove 
residual cellular debris. The final crystal pellet was resuspended in 1 ml 

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-026-02198-x

PBS for short-term storage (≤1 day), or in 1 ml storage buffer (see the 
preparation protocol in the Supplementary Methods) for long-term 
storage and structural stability tests (>1 day).

Because FC1m crystals are produced intracellularly and isolated 
from cell lysates, residual cellular components could, in principle, 
carry through purification. Such impurities may arise both from host 
materials retained within or between lattice domains during crystal-
lization and from cellular debris that co-pellets with crystals during 
centrifugation-based separation. Consistent with this possibility, our 
measurements indicate that low but detectable levels of protein and 
nucleic-acid impurities remain in the purified FC1m crystal suspension 
obtained with the current workflow (Supplementary Fig. 27).

Programmable integration of Halo-Click ligands into defined 
crystal layers. HEK293T cells stably expressing FC1m were crystal-
lized in the presence of 2 μg ml−1 DOX and 1 μM Halo-Click ligands 
at 37 °C, 5% CO2. After 4 h, the medium was replaced with fresh 
DOX-containing medium supplemented with a different Halo-Click 
ligand, and incubation continued. Each ligand switch followed a 
standardized protocol.

Intervals between ligand switches were 1, 2, 3, 6 or 8 h. Examples of 
dual-ligand combinations include Cl-TCO/Cl-azide, Cl-TCO/Cl-DBCO, 
Cl-mTz/Cl-azide and Cl-mTz/Cl-DBCO. Three-ligand combinations 
include Cl-TCO, Cl-azide, and Cl-cDBCO; Cl-TCO, Cl-azide and Cl-alkyne; 
Cl-TCO, Cl-DBCO and Cl-cDBCO; and Cl-TCO, Cl-DBCO and Cl-alkyne. 
The four-ligand combination consists of Cl-TCO, Cl-azide, Cl-cDBCO 
and Cl-alkyne.

Immobilization of guest materials. For small-molecule guests, 
programmable assembly was performed on intracellular crystals. 
Following ligand integration, cells were washed 3× with PBS, fixed 
with 4% paraformaldehyde (20 min), permeabilized with 0.1% Tri-
ton X-100 (2 h) and washed again. For crystals with two Halo-Click 
ligand types (for example, Cl-TCO/Cl-azide), cells were incubated 
with PBS containing 10 μM mTz-sulfoCy3 and 10 μM DBCO-sulfoCy5 
for 6 h. This enabled incorporation of two distinct dyes into defined 
crystal layers. For three ligands (for example, Cl-TCO, Cl-azide 
and Cl-cDBCO), after Cy3 and Cy5 labelling, cells were washed and 
incubated in PBS with 10 μM azide-AF488 (Lumiprobe, 11830) and 
UV-irradiated (290–350 nm, 0.372 mW cm−2, 30 min), followed by 6 h in 
the dark. For four ligands (Cl-TCO, Cl-azide, Cl-cDBCO and Cl-alkyne), 
after Cy3, Cy5 and AF488 incorporation, cells were incubated with 
20 μM CuBr, 200 μM sodium L-ascorbate and 10 μM azide-sulfoCy3.5 
in PBS for 24 h, achieving four-dye labelling. For larger guests such 
as QDs and FPs, immobilization was conducted after crystal purifi-
cation. The same labelling protocol was followed, with additional 
washing and centrifugation steps (3,000g for 2 min) to remove  
unbound materials.

Dissolution experiment. Following programmable assembly with 
JF525 and JF669 ( JF525 8 h → JF669 16 h → JF525 24 h → JF669 24 h → JF525 
24 h), crystals were isolated from HEK293T cells and resuspended in 
1 ml PBS (pH 7.5), and 2-μl aliquots were placed on eight-chambered 
cover glass (CellVis, C8-1.5P). After partial PBS evaporation, samples 
were sealed with 0.3% agarose. Chambers were then filled with PBS 
(pH 6.8) and acetate buffer (pH 5.6 or 4.5), and imaged over time at 
37 °C using wide-field epifluorescence microscopy. For bulk dissolu-
tion studies, crystals from 100-mm dishes were incubated in 100 ml 
PBS (pH 6.8, 37 °C) for 100 min. After centrifugation (3,000g, 5 min), 
supernatants were filtered through 100-kDa and then 10-kDa molecular 
weight cut-off filters, and concentrated to 2 ml. Similar experiments 
were conducted at varying timepoints (up to 1,400 min) in PBS (pH 6.8) 
and acetate buffer (pH 5.6 or 4.5). Absorbance spectra were measured 
with a spectrophotometer (Agilent Cary), and peaks at ~525 nm and 
~669 nm were used to monitor fluorophore release.

Programmed Akt activation
Crystals with programmed sequences were extracted and purified from 
HEK293T cells. Surface-functionalized bFGF (mTz-bFGF or DBCO-bFGF, 
50 μl) was then individually loaded onto the programmed Cl-TCO/
Cl-azide crystals following the method described above. Human bFGF 
(Ala135-Ser288) was utilized in this study (GenScript, Z03116). After 
the assembly, unbound bFGF was removed by washing with PBS three 
times. HeLa cells were seeded on glass-bottom dishes and transfected 
with pCAGGS-Akt-FoxO3a-KTR-EGFP (Addgene, #125131) for monitor-
ing Akt dynamics. Eight hours after transfection, the culture medium 
was replaced with 500 μl of imaging medium (FluoroBrite DMEM 
(Gibco A1896701) supplemented with 0.2% (vol/vol) fetal bovine serum 
and 1% (vol/vol) L-glutamine), and HeLa cells were further incubated for 
6 h to allow Akt kinase activity to reach steady state. Subsequently, the 
medium was replaced with 500 μl of imaging medium with pH 6.8, into 
which 10 μl of programmed crystal loaded with bFGF was added, and 
time-lapse imaging was performed at 37 °C using a wide-field micro-
scope (Zeiss Observer 7) to monitor Akt-dependent nucleocytoplasmic 
fluorescence shuttling.

Confocal imaging. Imaging was performed using fluorescence 
(Olympus IX81; Zeiss Axio Observer) and confocal microscopes 
(Zeiss LSM780, LSM980). Excitation lasers included 405 nm (4′,6-dia
midino-2-phenylindole), 488 nm ( JF525, AF488 and GFP), 561 nm ( JF552, 
sulfoCy3, sulfoCy3.5, mCherry and CdSe550) and 633 nm ( JF669, sul-
foCy5 and CdTe610). Airyscan mode (LSM980) was used for crystals 
labelled with ≤3 fluorophores, whereas Lambda scan mode (LSM780) 
was used for samples labelled with four fluorophores. Hyperspectral 
imaging was captured using a 32-channel QUASAR detector (410–
695 nm) and processed with Zeiss Zen Blue’s linear unmixing. Reference 
spectra were collected under identical settings.

Time-lapse imaging. Cells were cultured on eight-chambered cover 
glass and imaged on a wide-field epifluorescence microscope equipped 
with the Zeiss CO2 Module S1, maintaining 37 °C and 5% CO2. Definite 
Focus 3 was used for autofocus during acquisition.

Image processing and data analysis
Image processing was performed with Python, MATLAB and ImageJ. 
For tracking crowded crystals, a collective tracking pipeline was devel-
oped. Intensity thresholds were applied to suppress early-stage false 
positives. Crystal candidates were segmented using greyscale distance 
transform and local maxima detection. Region growing was con-
strained by estimated radii to prevent overlap. A size threshold removed 
small artifacts. Growth modelling was performed using a Gaussian 
mixture model, excluding frames with fewer than ten detections. Two 
Gaussian kernels were fitted per sequence to account for potential 
crystal growth post-cell division. As the segmentation determined the 
area of crystals’ two-dimensional (2D) projection (A), the volume index 
(VI) was calculated by VI = A3/2, indicating the volume of crystals. For 
the analysis of Akt dynamics, cell nuclei were first segmented using the 
Segment Anything Model (SAM)53, and cytoplasmic regions were 
defined by dilating 5 pixels outwards from each nucleus. The 
nuclear-to-cytoplasmic (N/C) ratio was calculated as the mean nuclear 
GFP intensity divided by the mean cytoplasmic GFP intensity.

Statistics and reproducibility
Sample sizes are indicated in the corresponding figure legends. No 
statistical methods were used to predetermine sample sizes, but our 
sample sizes are similar to those reported in previous publications21. 
Data collection and analysis were not performed blind to the condi-
tions of the experiments. Statistical comparisons between two groups 
were performed using two-tailed Welch’s t-tests. Differences were 
considered statistically significant at P < 0.05 (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001).
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the study are available in 
the article or its Supplementary Information. Source data are provided 
with this paper. These data are also available via GitHub at https://
github.com/DCLinLab/Programmed_crystal_synthesis.
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Extended Data Fig. 1 | Different variants of computationally designed 
intracellular crystals. (a) Perspective view (left) and [111] projection (right) of 
the IC1 crystal structure. (b) Fluorescence image showing the crystallization of 
IC1 in a HEK293T cell. (c) Perspective view (left) and [111] projection (right) of the 

FC2 crystal structure. (d) Fluorescence image showing the crystallization of FC2 
in a HEK293T cell. Experiments were independently repeated 3 times with similar 
results. Scale bars: 10 μm. (e) DNA constructs for crystal screening via transient 
transfection.
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Extended Data Fig. 2 | Mutation of T55. (a) Comparison of the predicted 
interface with and without T55R mutation. The interface has a hydrophobic 
core of I58 and peripheral residues with hydrogen bonds. (b) Representative 
low-magnification and magnified (inset) images of different mutation variants 
at T55. Experiments were independently repeated 4 times with similar results. 
Scale bars: 100μm; 5 μm (inset). (c) Statistical comparison of the crystallization 

propensity of different variants. Intracellular crystallization was facilitated when 
T55 was mutated to positively charged amino acids histidine (H), arginine (R), and 
lysine (K), highlighting the critical role of electrostatic interaction with D62 for 
crystallization. Data are presented as mean ± s.e.m. N = 8 measurements derived 
from 4 independent biological replicates per group.
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Extended Data Fig. 3 | Mutation of I58. (a) Representative low-magnification 
and magnified (inset) images of different mutation variants at the hydrophobic 
core I58. Experiments were independently repeated 4 times with similar results. 
Scale bars: 100μm; 5 μm (inset). (b) Statistical comparison of the crystallization 

propensity of different variants. Overall, intracellular crystallization was 
observed when a hydrophobic residue or cysteine is present at this site. Data are 
presented as mean ± s.e.m. N = 8 measurements derived from 4 independent 
biological replicates per group.
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Extended Data Fig. 4 | Growth profiles obtained by single-crystal tracking. (a-
c) The growth profiles of the FC1m crystals in the fast (a, N = 14 crystals), medium 
(b, N = 15 crystals), and slow (c, N = 15 crystals) cell lines. Data are presented as 
mean ± s.d. (shaded areas). (d) Statistical comparison of the growth rates of FC1m 

crystals within the three cell lines. N = 15 crystals per condition. ****: p < 0.0001, 
significance was determined using one-way ANOVA test followed by Tukey’s 
multiple comparisons test. All tests were two-sided. Box bounds: the 25th/75th 
percentiles; whiskers: min/max; squares: mean; and center lines: median.
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Extended Data Fig. 5 | The correlation between the band sharpness and 
cytoplasmic solubility of building blocks. (a,b) Plots showing how the 
cytoplasmic solubility determines the band sharpness. A lower solubility results 
in a shorter transition time after switching to the second band (a), therefore 
affording a sharper transition boundary (b). (c) Representative fluorescence 
images showing the solubility of FC1m crystals vary when HaloTag was fused 

to different terminals of the A and B building blocks, giving rise to varied band 
sharpness. Scale bars: 10 μm. (d) Statistical comparison of the crystal/cytoplasm 
intensity ratio with HaloTag fused to different terminals of A and B chains. 
Data are presented as mean ± s.e.m. N = 15 crystals derived from 3 independent 
biological replicates per group.
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Extended Data Fig. 6 | Synthesis of Halo-Click ligands. (a-d) Synthetic routes for Cl-DBCO (a), Cl-azide (b), Cl-TCO (c), and Cl-mTz (d).
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Extended Data Fig. 7 | Characterization of quantum dots and fluorescent proteins. (a) Photos of click-ligand modified quantum dots. (b) Transmission electron 
microscopy (TEM) images of the quantum dots. Scale bars: 10 nm. (c) Size distribution of quantum dots for immobilization. (d) Photos of click-ligand modified 
fluorescent proteins.
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Extended Data Fig. 8 | Synthesis of Cl-cDBCO and Cl-alkyne. a,b Synthetic routes for Cl-cDBCO (a). and Cl-alkyne (b).
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