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Abstract 
Single-cell genomics methods have unveiled the heterogeneity present in seemingly homogenous populations 
of cells, however, these techniques require meticulous optimization. How exactly does one handle and 
manipulate the biological contents from a single cell? Here, we introduce and characterize a novel 
semi-permeable capsule (SPC), capable of isolating single cells and their contents while facilitating 
biomolecular exchange based on size-selectivity. These capsules maintain stability under diverse physical and 
chemical conditions and allow selective diffusion of biomolecules, effectively retaining larger biomolecules 
including genomic DNA, and cellular complexes, while permitting the exchange of smaller molecules, including 
primers and enzymes. We demonstrate the utility of SPCs for single cell assays by performing the 
simultaneous culture of over 500,000 cellular colonies, demonstrating efficient and unbiased nucleic acid 
amplification, and performing combinatorial indexing-based single-cell whole genome sequencing (sc-WGS). 
Notably, SPC-based sc-WGS facilitates uniform genome coverage and minimal cross-contamination allowing 
for the detection of genomic variants with high sensitivity and specificity. Leveraging these properties, we 
conducted a proof-of-concept lineage tracing experiment using cells harboring the hypermutator polymerase ε 
allele (POLE P286R). Sequencing of 1000 single cell genomes at low depth facilitated the capture of lineage 
marks deposited throughout the genome during each cell division and the subsequent reconstruction of cellular 
genealogies. Capsule-based sc-WGS expands the single-cell genomics toolkit and will facilitate the 
investigation of somatic variants, resolved to single cells at scale.  
 
Introduction​
Central to biological life is the distinction between self and non-self, inside and outside. This organizational 
principle manifests across all of life's scales, from cellular compartments to tissues and whole organisms. At 
the cellular level, compartmentalization is governed primarily by selectively permeable membranes that actively 
and passively regulate the flow of materials and information. Passive processes include the diffusion of 
dissolved gases, hydrophobic molecules, and water through precisely structured protein pores, while active 
mechanisms transport ions, hydrophilic nutrients, and macromolecules. These transport processes maintain a 
dynamic equilibrium essential for cellular function. The precise biochemical milieu established by this 
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compartmentalization facilitates not only the concentration of resources and the expulsion of waste, but also 
organizes the complex biochemical reactions that underpin life. 

Experimentally dissecting complex biological systems necessitates methods that harness and preserve this 
intrinsic compartmentalization. Specifically, measuring the concurrence of and dependency between entities 
located within the same cell provides insight into the logic underlying biological systems (1). One effective 
strategy involves recreating perturbations of cellular components in situ (2–4), enabling a view into the roles 
that individual genes play in biological processes. Such methods have greatly benefited from multiplexing, 
exemplified by single-cell DNA sequencing technologies, which transform individual cells into isolated 
compartments, each simultaneously serving as both the experimental container and measurement unit (5).  

However, traditional compartmentalization methods have limitations. Microtiter wells, despite their widespread 
use, struggle to scale due to the challenge of precisely manipulating small volumes and actuating over small 
physical distances (6). Droplet microfluidics offers scalability by creating isolated droplets stabilized by 
emulsifiers (7, 8); yet, these droplets are static, non-dynamic compartments incapable of emulating the 
dynamic exchange characteristic of living cells. Hydrogel capsules comprising a shell and core begin to 
resemble the ideal experimental container. Capsules are thin walled, hollow structures formed with droplet 
microfluidics that enable the equilibration of small molecules and solute (9, 10). 

In this study, we characterized a novel semi-permeable capsule formulation composed of an 
acrylate-substituted polysaccharide polymer shell with a dextran core. Unlike conventional droplets, capsules 
are permeable, facilitating the selective exchange of biomolecules based on size. We demonstrate the utility of 
the capsule across diverse applications, including culturing clonally isolated cells, nucleic acid amplification, 
and conducting complex, multi-step molecular biology reactions such as single cell combinatorial indexing. 
Using these capsules we implemented a combinatorial indexing based single cell amplicon and single cell 
whole genome sequencing (sc-WGS) method capable of generating highly uniform single cell genomes at 
scale. Finally, to leverage the scale, coverage, and uniformity facilitated by capsule-based whole genome 
amplification and sequencing, we conducted a proof-of-concept lineage tracing experiment, using cells 
harboring a hypermutator polymerase ε allele that deposits mutations genome-wide with each cell division. 
These results, alongside two concurrent pre-prints (Baronas et. al. and Mazelis et. al.), highlight the array of 
single cell genomics applications that are uniquely enabled by capsules.​
​
Physical and chemical characterization of SPCs​
Capsules are structures generated through the emulsification of two immiscible polymer solutions within 
droplets resulting in an aqueous two-phase system, where one polymer preferentially positions at the periphery 
of the droplet. The use of a shell monomer that is amenable to crosslinking, facilitates the formation of a 
hydrogel polymer shell.  The shell polymer backbone can comprise synthetic polymers such as polyethylene 
glycol (PEG) (9) or natural polymers like gelatin (10). The choice of shell polymer fundamentally alters the 
properties of the capsules that are formed. For example, gelatin-based shells allow the controlled release of 
their content by mild enzymatic treatment, but this precludes the use of proteinases to process the content of 
the capsule, e.g. during cell lysis. Conversely, PEG-based SPCs are stable under a broader spectrum of 
treatment conditions but the release of their content requires mechanical or alkaline treatment destructive to 
cells (9). In this study we used a commercially available and novel Semi Permeable Capule (SPC) formulation 
consisting of an acrylate-substituted polysaccharide shell and a dextran core. As its predecessors (9, 10), 
polysaccharide-based SPCs rely on droplet microfluidics for uniform high-throughput generation and sample 
encapsulation, followed by shell crosslinking and transfer into an aqueous suspension (Figure 1A, 
Supplemental Video 1).  This creates compartments enabling the rapid exchange of buffers, and the diffusion 
of small reactants, while confining large reactants such as biological polymers, small solids and cells. The use 
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of a polysaccharide-based shell also facilitates rapid release upon treatment with a glycosidase 
(Supplemental Video 2).   

 
Monodisperse SPCs can be formed spanning a range of sizes from 40.4µm (SD = 1.97µm) in diameter to 
182.6µm (SD = 16.3µm) in diameter by modifying the geometry of the microfluidics device used (Figure 1B, 
Supplemental Table 1). In this study, we primarily used SPCs formed with a mean diameter of 82.9µm (SD = 
6.33µm). Remarkably, SPCs are stable, as evidenced by the compartmentalization of nucleic acids through 
overnight exposures to various organic solvents (e.g. hexane, methanol, ethyl acetate, and diethyl ether), 
strong acids and bases from 6M HCl to 6M NaOH, and resistant to dissolution from a battery of hydrolytic 
enzymes including nucleases and proteases (Fig. S1). The tolerance of the SPC shell to extreme physical and 
chemical conditions permits a wide array of manipulations on encapsulated material. In sum, SPCs are 
micron-sized containers that can be readily formed, highly stable, and can be broken on-demand. 

 
Supplementary Figure 1. Capsule stability in extreme conditions. (A-C) Structural integrity testing of SPCs 
loaded with genomic DNA subject to overnight (>12 h) exposure to the indicated conditions. (A) Organic 
solvent exposures; Ether = diethyl ether, DCM = dichloromethane, IPA = isopropyl alcohol, PrOH = 1-propanol, 
EtOH = ethanol, Ace. = acetone, MeOH = methanol, DMF = N,N-dimethylformamide, DMSO = dimethyl 
sulfoxide. (B) Acid or base exposures; pH conditions represent 6M HCl (pH = -0.8), 1M HCl (pH = 0), 0.1M HCl 
(pH = 1), water (pH = 7), 0.1M NaOH (pH = 13), 1M NaOH (pH = 14), or 6M NaOH (pH = 14.8). (C) 
Temperature exposures; temperature conditions represent liquid N2 (-196oC), dry ice (-80oC), room 
temperature (22oC), or boiling water (100oC). BF = brightfield; DNA was stained with SYBR-Gold nucleic acid 
stain and representative images captured at 10× magnification; scale bar represents 50µM.  

 
Permeability of SPCs 
To characterize the porosity of SPCs, we visualized SPCs by scanning electron microscopy (SEM). After 
dehydrating the sample, the exterior and interior surfaces of both intact and mechanically disrupted SPCs were 
visualized. At low magnification, the shell appeared to have a smooth interior and exterior surface with 
occasional irregularities. At higher magnifications (100,000x magnification), the shell polymer appeared to have 
a cracked structure (Figure 1C). To compare these results to hydrogels commonly used for electrophoresis, 
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we prepared and imaged 6% polyacrylamide beads under identical conditions. Unlike the shell polymer, the 
surface of polyacrylamide was more mesh-like and dotted by irregularly spaced holes (Fig. S2A).    
 
Next we performed experiments to understand how biomolecules including DNA, protein, and nucleoprotein 
complexes were retained within SPCs. To this end, two DNA ladders spanning lengths over four orders of 
magnitude (10bp to 10,000bp), were loaded into SPCs. Fractions of SPCs were then collected in a serial 
manner, with washes performed between each collection over the course of 1 hour. Each SPC fraction was 
mechanically disrupted and the contents remaining within SPCs were quantified by gel electrophoresis. These 
experiments indicated that DNA fragments under 100bp diffused from the capsules and into solution over 
several washes. DNA with lengths ranging from 100 to 300bp, were lost at an average rate of 5.1% per wash, 
while larger fragments of DNA were retained completely (Figure 1D, Fig. S3A). We repeated this procedure 
using a native protein ladder, commonly used to calibrate size exclusion chromatography columns (Fig. S3B). 
This data revealed that the majority of encapsulated proteins below 300kD diffused out of the SPC over 
multiple washes (Figure 1E). To measure the retention of native cellular complexes, we purified and 
encapsulated mononucleosomes and ribosomes within SPCs, two complexes critical to the central dogma. 
Mononucleosomes and ribosomes were retained at 46.8% and 47.3% of the load after extensive washing, 
respectively (Fig. S3C,D). Unexpectedly, the ribosome was lost at rates exceeding the dimeric protein 
thyroglobulin despite having a greater molecular weight.  
 
Many natural protein complexes have flexible three-dimensional structures and heterogeneous subunit 
interfaces spanning a range of affinities. Although these biomolecules are representative of cellular structures, 
these caveats preclude their use as molecular calipers for the determination of the shell’s porosity. To 
overcome this limitation, we used de novo designed proteins to generate a set of rigid and atomically-precise 
oligomers spanning various symmetry point groups. Three published de novo designed oligomers (11) were 
chosen in addition to a newly designed oligomer for retention testing. These proteins included a D3 (6-mer), a 
D4 (8-mer), a tetrahedron (12-mer) and an icosahedron (60-mer), spanning a range of molecular weights  (Fig. 
S3E-G). When encapsulated in SPCs, purified de novo designed oligomers exhibited retention within SPCs in 
a size-dependent manner (Figure 1E), and were stably retained within SPCs over the course of 10 days (Fig. 
S4).  
 
The diffusion of biomolecules across a concentration gradient can be used to introduce molecules into SPCs 
as well. To demonstrate this, we attempted to fluorescently stain cells after they had been encapsulated within 
SPCs. We incubated SPCs containing Nalm6 cells, a leukemic B cell line that expresses high levels of the 
surface marker CD19, in a solution containing a phycoerythrin-conjugated anti-CD19 antibody (anti-CD19 PE). 
Using flow cytometry on released cells, our experiments demonstrated that IgG diffused across the SPC 
membrane and bound to the surface of encapsulated cells mirroring the diffusion of IgG out of SPCs (Figure 
1G, Fig. S5). In sum, these data indicate that SPCs are permeable to short oligonucleotides (e.g. primers and 
small double stranded DNA) and proteins (e.g. enzymes and IgGs), and selectively retain larger nucleoprotein 
complexes including chromatin and ribosomes. These permeability characteristics of SPCs make them an 
ideal container for many cellular and molecular assays. 
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Figure 1. Semi-permeable capsules are tunable, porous containers. (A) Diagram of shell and core mixing 
upon encapsulation using a co-flow microfluidics device (left). Emulsions start in the oil phase, are 
cross-linked, and broken into the aqueous phase. Small molecules diffuse out of the porous shell (right). (B) 
Brightfield images of three capsule diameters (40.4µm (top), 82.9µm (middle),  and 182.6µm (bottom). White 
scale bar represents 100µm. (C) SEM images of dehydrated capsules (scale bar 1µm), broken capsules (scale 
bar 1µm) and the surface of a capsule (scale bar 300nm). (D-F) Rate of removal was estimated by fitting an 
exponential loss function to retained biomolecules in SPCs after rounds of washing. (E) Removal rate for DNA 
species of different lengths, or (F) native and de novo designed (denoted by *) proteins by molecular weights. 
(G) (Left) Entry of antibodies into capsules over time as assessed by flow cytometry (red) versus staining of 
cells in solution (white). (Right) Representative image of encapsulated cells shown in a solution of fluorescently 
tagged antibodies (grayscale). 

 
 
 
 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 17, 2025. ; https://doi.org/10.1101/2025.03.14.643253doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.14.643253
http://creativecommons.org/licenses/by-nd/4.0/


 
 

 
 
Supplementary Figure 2. SEM comparison of semi-permeable capsules and polyacrylamide beads. 
(A,B) Micrographs of hexamethyldisilazane dehydrated (A) capsules at 10,000x magnification (scale bar 
10µm) and (B) 100,000x magnification (scale bar 100nm). (C,D) Micrographs of HMDS dehydrated 6% 
polyacrylamide (PAA) beads at (C) 10,000x magnification (scale bar 1µm) and (D) 100,000x magnification, 
(scale bar 100nm).  
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Supplemental Figure 3. Retention of biomolecules within SPCs. SPCs loaded with (A) DNA ladder, (B) 
protein ladder, (C) ribosomes, (D) mononucleosomes, or (E,F) purified protein oligomers were broken after 
washing and the contents were run on gel electrophoresis and quantified. (G) Design models of the oligomers 
tested with a single monomer highlighted in blue. Legend for Type; In:Input. S:Supernatant, C:Capsule. 
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Supplemental Figure 4. Protein oligomers are stably retained for many days. (A) Tetrahedron and 
icosahedron protein oligomers fused to GFP were expressed and encapsulated within SPCs. (B) Emulsions 
were imaged before and after cross-linking of the shell. Capsules were imaged at time intervals spanning 10 
days using the same imaging settings. (C) Quantification of the fluorescence within each SPC was quantified 
from multiple images. Points represent the mean cumulative fluorescence of volumes within each image and 
the line depicts the linear best fit with standard error shown in gray.   
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Supplementary Figure 5. Fluorescent staining in semi-permeable capsules. (A) Nalm6 were 
encapsulated in SPCs and then stained for different incubation times with a fluorescent antibody targeting 
CD19 (CD19-PE) displayed on the surface of the cells and compared to free Nalm6. Brightfield (top) and 
fluorescent (bottom) images are shown for incubation times of 5, 10, 15, 30, 45, and 60 minutes for 
encapsulated Nalm6 (top set) and free Nalm6 (bottom set) (scale bar 75µm). (B). Flow cytometry quantification 
of fluorescence signal for each experimental replicate. Median fluorescence intensity over time (left) and 
corresponding flow plots (right). 
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High throughput cell culture within SPCs 
Emulsified cells within microfluidic droplets are viable and can be grown for days. However, due to 
compartmentalization of emulsions, cells exhaust nutrients needed for anabolism, while accumulating the toxic 
byproducts of cellular metabolism (7, 8). Moreover, upon the dissolution of an emulsion, the physical link 
between clonally expanded cells is lost. We hypothesized that the permeability of SPCs to small molecules and 
small proteins would facilitate the exchange of nutrients to support the long term culture of bacterial and 
mammalian cells within SPCs at scale. To test this hypothesis, E. Coli were encapsulated within SPCs at a 
poisson loading rate (21% occupancy rate – 525,000 loaded SPCs; 2.37% multiplet rate) and grown in a 
shaking culture. After measurement, E. Coli grown in SPCs had a doubling time of approximately 20 minutes, 
comparable to the doubling time of 29 minutes for bacteria cultured in suspension (Figure 2B). To test if clonal 
bacterial isolates could grow within SPCs, a 50:50 mix of bacteria expressing one of two fluorescent markers 
(mCherry or eGFP) were mixed prior to encapsulation, imaged, and analysed after bacterial growth. If cells 
grow in a clonal fashion, we expect to predominantly observe capsules marked by a single fluorescent 
bacterial species and a small population of capsules containing both species. Indeed, in accordance with the 
poisson loading rate, we observed SPCs that were either empty (71.6%), mScarlet positive (11.3%) or eGFP 
positive (13.8%), with a small portion of SPCs (3.2%) exhibiting a mixed population of cells indicating that we 
could establish clonal bacterial cultures within SPCs (Figure 2C,D). 
 
Next we tested the viability and growth rates of common suspension and adherent mammalian cell lines within 
SPCs. The growth of a cell suspended within the SPC’s core solution most closely resembles the growth of 
cells suspended in liquid media. Accordingly, we used an eGFP-expressing suspension cell line (K562 cells) to 
assess the viability and growth rates of mammalian cells within SPCs. After cell encapsulation (44.5% 
occupancy rate – 1,112,500 loaded SPCs; 11.8% multiplet rate) and subsequent culture, we found that K562 
cells were not viable within SPCs. By day 4 post encapsulation, cell viability had decreased by approximately 
72%, and by day 8 nearly all the cells were dead (Fig. S6A). Given our previous observation that diffusion 
rates across the SPC shell are diminished, we hypothesized that the limited diffusion of nutrients and signaling 
factors created an environment unsuitable for single-cell growth. To test this hypothesis, we repeated this 
assay targeting a higher cell encapsulation density within SPCs (69.16% occupancy rate – 1,729,000 loaded 
SPCs; 32.9% multiplet rate) and substituted fresh media with conditioned media. Under these new culture 
conditions, encapsulated K562s exhibited sustained growth (Figure 2E,F). Based on imaging and 
segmentation, we estimate that up to approximately 60 K562 cells are able to grow within the capsule (Fig. 
S6H,I) until physical crowding prevents further cell divisions (Fig S7A).  
 
To assess the generalizability of these findings to other cell lines, we prepared capsules containing additional 
suspension cell lines (Nalm6, Jurkat) or an adherent cell line (HEK293T) (Fig. S7B-D). For all three cell lines 
we observed an initial decrease in cell count, followed by sustained cell growth (Figure 2G-J, Fig. S7B-D). We 
suspect that this decline reflects the death of single cells isolated within SPCs and the selection for cells within 
SPCs containing multiple cells. Notably, adherent HEK293T cells adopted a distinct spheroid morphology as 
early as day 5 (Figure 2K), forming a clear separation between the cell mass and the polymer shell wall. 
Despite a lack of adhesion to the polymer wall, HEK293T cells continued to divide, forming spheroids that 
expanded to fill the SPCs and stretching the capsule beyond its typical size (Fig. S7D). Notably, this behavior 
could be modified upon co-encapsulation with fibronectin, effectively tissue culture treating the SPC shell 
polymer and causing HEK293T cells to grow along the boundary of the capsule (Figure 2K). Finally, we 
assessed whether cellular colonies grown in capsules could be frozen and cryo-recovered within capsules. To 
this end, we cryopreserved K562 cells in SPCs, and subsequently thawed these cells either as capsules or in 
the presence of a release agent. These results showed no significant difference in viability or growth rates 
between cells frozen in suspension or cells thawed in SPCs. (Figure 2L,M, Fig. S8,9). Together, these 
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experiments demonstrate the ability of SPCs to support clonally isolated cellular cultures, and highlight their 
potential as a novel platform for the generation and long-term storage of 3D cell cultures.    

 
Figure 2. Semi-permeable capsules facilitate scaled and compartmentalized cell culture. (A) Schematic 
depicting E.Coli or  mammalian cells encapsulated and grown within SPCs. (B) Growth curves for E. Coli in 
suspension (black) or grown within SPCs (red). (C) Micrograph of SPCs poisson loaded with a 50:50 mix of 
eGFP or mScarlet expressing bacteria and (D) quantification of total fluorescence from each segmented SPC. 
(E-J) Growth curves for fluorescent mammalian cell lines and images for (E,F) K562 , (G,H) Jurkat cells and 
(I,J) HEK293T cells. Red asterisks denote select SPCs positive for mammalian cells (K) Image of HEK293T 
cells grown in untreated (left) or fibronectin treated (right) SPCs. (L) Growth curves for K562 cells frozen in 
SPCs and thawed SPCs (red) or thawed and released (blue) versus cells frozen in suspension (black). (M) 
Representative images of cell viability two days after freezing and thawing in SPCs. Scale bars represent 
50µm (F,H) and 100µm (J, C, M) 
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Supplementary Figure 6. Mammalian growth optimization in SPCs. (A) K562 were encapsulated in fresh 
media at low density (7.5× 105 cells) or in conditioned media at high density (1.5 × 10⁶ cells). (B) HEK293T 
were encapsulated in conditioned media at low density (1.5 × 10⁶ cells) or in conditioned media at high density 
(3× 10⁶ cells). (C) Nalm6 cells were encapsulated in conditioned media at either low density (1.5 × 10⁶ cells) or 
high density (3 × 10⁶ cells). (D) Comparisons of encapsulated Nalm6 cell growth rate with non-encapsulated 
control cells. (E–F) Representative crops of encapsulated cells at high and low densities, corresponding to 
panels A–C. (H) (Left): Individual K562 SPCs were stained with Yo-Pro-1 DNA dye and imaged with a 
spinning-disk confocal microscope, 60x magnification. Colors represent individual SPCs, assigned by 
identifying clusters of nuclei segmentation masks with DBSCAN. (Right): Single-nucleus segmentation with 
CellPose 3.0 'cyto3' base model. (I) Histogram of K562 cells per SPC, computed by counting nuclear 
segmentation masks assigned to each SPC by DBSCAN. Dashed red line marks the median of 20 cells per 
SPC. 
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Supplementary Figure 7. Cell growth time course in SPCs. Brightfield (top row) and fluorescent (bottom 
row) images representative of mammalian cell growth within SPCs for (A) K562, (B) Jurkat, (C) Nalm6 and (D) 
HEK293T cells taken regularly between an eight and fourteen day interval. Scale bars represent 100µm.  
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Supplementary Figure 8. K562s can be  frozen and thawed in SPCs. (A) Live cell counts over time of 
thawed cells frozen under DMSO concentrations of 0% (left), 5% (middle), and 10% (right). (B) Live/dead 
imaging of cells encapsulated in SPCs before freezing in 10% DMSO media (top), immediately after thawing 
(middle), and 2 days after thawing (bottom). Scale bars represent 75µm. 
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Supplementary Figure 9. K562 freeze-thaw comparison Day 2. (A-C) K562 were encapsulated at a initial 
cell density 3 × 10⁶ cells and were frozen in one of three media, all consisting of DMEM, 10% FBS, and a 
varying percent of DMSO: 0%, 5%, 10%. Images were taken two days post thawing, after staining cells with 
SYTO 9 and EthD-1 to assess viability. Scale bars represent 100µm.  
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SPC Polymerase Chain Reaction 
The retention of nucleic acids within capsules has been used previously for applications relating to the 
amplification and detection of DNA sequences from single cells (10). To further characterize SPCs comprising 
a polysaccharide shell, we tested the performance of nucleic acid amplification within SPCs (Figure 3A). First 
cells were encapsulated, permeabilized, and digested to remove lipids and proteins. Capsules, containing 
clarified genomic DNA (gDNA), were then used as the template for polymerase chain reaction (PCR), where 
enzymes, primers, and cofactors were introduced outside of the capsule. We anticipated that smaller DNA 
amplicons would diffuse out of the capsule based on the retention tests performed for double stranded DNA. To 
test the relationship between amplicon length and retention within capsules during PCR, we generated primers 
spanning a range of amplicon sizes from 100bp to 1,500bp in length. After PCR, the molecules retained within 
SPCs and the molecules in solution were analyzed by gel electrophoresis. Strikingly, we observed amplicons 
within SPCs and in solution for all the amplicon sizes (Fig. S10). To test whether this was a function of 
thermocycling during PCR, we also tested the retention of DNA during isothermal whole genome amplification 
using primary template amplification (PTA), a reaction performed at 30°C. Analysis of the supernatant and 
capsule fractions after amplification showed the presence of DNA ranging from 150bp to 1,500bp in the 
supernatant indicating the leakage of amplified template even in the absence of thermocycling and elevated 
temperatures (Fig. S11). Although nucleic acid amplified outside of capsules can be removed by washing, the 
entry of amplicons from the supernatant and into another SPC would be problematic for single cell assays. To 
test the prevalence of amplicon entry during PCR, we monitored the entry of amplicons into empty capsules 
during a PCR performed in the supernatant. Amplicons of different lengths were subject to 30 rounds of PCR in 
the supernatant in the presence of empty capsules. Capsules from each PCR reaction were then washed 
extensively and subjected to a second round of PCR to amplify material that may have entered from the 
supernatant. For amplicons ranging in size from 100bp to 500bp we observed a faint band at the expected size 
indicating that some amplicons had indeed entered the empty capsule during the first round of PCR (Fig. S12).  
Although these bands were present after two rounds of PCR, visual examination of individual SPCs upon DNA 
staining indicated that only a subset of the SPCs contained DNA.   
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Supplemental Figure 10. Amplicons leak out of capsules during PCR. Genomic DNA derived from cells 
within capsules was used as the template for PCR. Primers spanning a single genomic DNA locus were 
designed to capture amplicons of approximately 100, 200, 300, 400, 500, 750, 1000 and 1500 base pairs in 
length. Gel electrophoresis was performed on supernatant or washed and released SPCs (within SPC). 
Representative images of SPCs in bright field (BF) or stained with the DNA dye SYBR green (DNA) are shown 
below. Scale bars represent 500µm. 

 

 
Supplemental Figure 11. Genomic DNA originating in capsules is amplified in SPCs and the 
supernatant. (A) Titered volumes of SPCs containing genomic DNA were provided as input (0, 3, 5, 10 or 
15μL) with fixed amounts of primary template amplification primers (thiophosphate and phosphodiester 
hexamer), dNTPs, and reaction cofactors. Relative fluorescence units (RFU) of SYBR-Green quantify total 
yield of DNA over real time (N=3 technical replicates). (B) From the 10μL condition in (A), supernatant and 
DNA retained within SPCs were collected at the indicated time points and run on a 1% TBE-Agarose gel and 
stained with SYBR-Gold.  
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Supplemental Figure 12. Amplicons leak into capsules during PCR. (A) PCR was performed with the 
template, primers and mastermix in the bulk in the presence of empty SPCs. (B) Nested PCR was performed 
after washing capsules using primers using the primers used during the first PCR. Gel denotes the products 
retained within capsules after nested PCR. Red stars denote the detection of a band of the expected size. (C) 
Representative brightfield and SYBR green stained images of capsules for each amplicon. Scale bars 
represent 500µm. 

 
Sensitive genome sequencing with SPC combinatorial indexing 
The properties explored thus far make SPCs an ideal container for combinatorial indexing based single cell 
sequencing (12–14). Current combinatorial indexing methods are limited primarily by the stability of chemically 
fixed cells or nuclei to harsh detergent, elevated temperature, or enzymatic treatment (e.g. Proteinase K 
digestion) (15). Paradoxically, the perfect container for combinatorial indexing must simultaneously allow for 
the free diffusion of small biomolecules needed for barcoding (e.g. primers, and enzymes), while preventing the 
escape of nucleic acids. Guided by the principles gleaned from biomolecule retention and DNA amplification 
experiments, we devised a ligation-based combinatorial indexing protocol (16), where genomic DNA is 
pre-amplified within SPCs and then split-pooled to combinatorially synthesize unique cellular barcodes on all 
DNA species within SPCs (Figure 3B). To test whether amplicons originating from one SPC contaminate other 
SPCs, we encapsulated K562s or peripheral blood mononuclear cells (PBMCs) separately, and then mixed 
capsules at defined ratios (100% K562, 20:80 K562:PBMC, or 10:90 K562:PBMC) prior to multiplex PCR for 4 
genes (AKT3,  BIRC6, FANCC and BRCA1). Combinatorial indexing was then performed both on intact 
amplicons, as well as fragmented amplicons. All amplicons tested exceeded 400bp in length ranging from 
460bp to 2,155bp in length (Figure 3C, Supplemental Table 2). Upon sequencing the full length amplicon 
library, we recovered 387 cells sequenced to a depth of 1,008 reads/cell and detected amplicons mapping to all 
4 sites in 96.9% of the cells (Figure 3D). To assess whether mixing was occurring between cells, we 
investigated a locus in the FANCC gene (chr9:95,247,502) which is homozygous for an alternate allele (T) in 
K562s versus homozygous for the reference allele (C) in PBMCs. Cells with reads mapping to this allele 
segregated to the axes, indicating a minimal mixture of amplicons originating from this gene (Figure 3E,F). 
Closer investigation of cells prepared from the 10:90 and 20:80 mixtures of K562s:PBMCs – where an 
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increased proportion of swapping would be expected – demonstrated that an average of 99.2% of reads (in 39 
cells) mapped to the alternate allele in the intact amplicon libraries, while 100% of reads (in 20 cells) mapped 
to the correct genotype in fragmented amplicons. Finally, to determine the sensitivity to retrieve alleles within a 
single cell, we examined a locus in AKT3 (chr1:243,695,654) in K562 cells that contains a heterozygous 
premature termination allele (p.G37Ter) (17). In the intact amplicon library we observed both alleles at this site 
in 84.91% of cells (mean of 28.34 reads/cell) (Figure 3G). 
 
Encouraged by these results, we turned to the generation of sc-WGS libraries within SPCs. Whole genome 
amplification (WGA) methods often suffer from uneven or biased amplification (18, 19). This bias is 
pronounced in sc-WGS, where comparisons between cells require observing the same genomic position in 
multiple cells. New molecular biology methods, which operate chiefly through the addition of chain terminating 
dNTPs, have largely mitigated this problem (20); however, these methods have limited throughput due to their 
reliance on well-based amplification (21). To perform scaled WGA and sequencing we used a commercial 
WGA reaction mix (Bioskryb PTA) or a modified multiple displacement amplification (mMDA) reaction to 
prepare sc-WGS libraries from a 50:50 mixture of encapsulated human and mouse cells. Following 
amplification, SPCs containing amplified genomes were combinatorially indexed, fragmented, and sequenced. 
After shallow sequencing (mean 1,433,349 reads/cell) and mapping to a jointly indexed genome, we observed 
that the reads from cells mapped predominantly to either the human or mouse genome, indicating minimal 
cross contamination during amplification and library preparation (Figure 3G). Visual Inspection of genome 
coverage in individual cells indicated uniform coverage of the genome by both amplification methods (Figure 
3H, Fig. S13). To quantify coverage uniformity, we generated Lorenz curves and computed Gini coefficients for 
both methods by binning the genome into 1kB bins and counting the number of reads within each bin. Both 
WGA procedures produced genomes with comparable and even coverage with average Gini coefficients of 
0.236 for mMDA and 0.277 for PTA (Figure 3I). Together, these results demonstrate that both WGA 
approaches (mMDA and PTA) enable scalable and uniform amplification of single-cell genomes within SPCs 
with minimal cross-contamination during amplification or combinatorial indexing.  
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Figure 3. Single cell DNA sequencing via combinatorial indexing in SPCs. (A) Nucleic acids within SPCs 
are readily amplified via PCR or whole genome amplification (WGA). Fluorescent microscopy image of DNA 
stained SPCs is shown before amplification (bottom left) and after amplification (bottom right).  (B) Diagram 
describing combinatorial indexing procedure. (C) Coverage of 10 randomly selected single cell libraries 
mapping to the 4 amplified gene fragments. (D) Barplot showing the percentage of cells with the detection of 
the different amplicons in fragmented or intact amplicon libraries.  (E) Faceted scatterplot showing the reads 
mapping to the FANCC gene position chr9:95,247,502 with either the reference allele (X–axis) versus the 
alternate allele (Y-axis). (F) Scatterplot for reads mapping to a heterozygous position chr1:243,695,654 in the 
AKT3 gene for each cell.  (G) Scatterplot  of the number of reads uniquely mapping to the human (y-axis) or 
mouse (x-axis) genomes for each individual cell. (H) Coverage of cells amplified via PTA: Human genome 
(green, top) or Mouse genome (red, bottom). Genome binned at 1kB. (I) Boxplot showing Gini coefficient for 
cells amplified with either a modified MDA protocol (mMDA) or PTA. 
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Supplemental Figure 13. Comparison of whole genome amplification methods. (A) Two cells were 
randomly selected for display from mMDA amplified genomes (top) or PTA amplified genomes (bottom). Whole 
genome coverage is shown on the left, with an inset of chromosome 1 right. Plots denote coverage within the 
genome binned at 1kB resolution. Green pile ups denote human cells while red pile ups denote mouse.  (B) 
Lorenz curves for modified MDA (mMDA) and primary template amplification (PTA). Dot-dashed line included 
to indicate optimality or uniformly distributed reads. 

 
Lineage tracing using the POLE P286R hypermutator allele  
The prevalence of somatic evolution — the ongoing mutation and selective expansion of genomic variants 
within the somatic cells of multicellular organisms — is likely significantly underestimated due to the inherent 
limitations of bulk WGS approaches (22). SPC-enabled sc-WGS can address these limitations by blending 
uniform coverage with throughput. Nonetheless, reliably resolving naturally arising somatic mutations at 
single-cell resolution remains challenging, primarily because these mutations are rare, occurring at a rate 
between 1.6 x 10-8 to 7.9 x 10-10 mutations per base pair per mitotic division depending on the tissue (23). 
Single base substitutions (SBS), the most common mutation class, reflect intricate interplay between intrinsic 
cellular processes—such as DNA replication fidelity and repair—and extrinsic environmental exposures that 
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damage DNA. Certain SBS mutational signatures accumulate with chronological aging (e.g., SBS5), whereas 
others correlate directly with cell division rates or tissue-specific replication processes (e.g., SBS1) (24). 
However, precisely resolving these signatures in single cells remains challenging due to their low frequency 
and the confounding effects of cell type and cellular differentiation on mutation rate (25). 

One requirement for genomic lineage tracing — the reconstruction of cellular genealogies based upon 
heritable genomic alterations — is the consistent, measurable deposition of mutations during successive 
cellular generations. Historically, naturally occurring somatic mutations have been leveraged to estimate 
lineage relationships, including seminal work in tracing cancer phylogenies through WGS of clonal somatic 
variants (26). More recently, inducible mutagenesis-based lineage tracing methods, such as those employing 
CRISPR-Cas9 barcode editing (27, 28) or barcode writing via Prime Editing (29) have provided rich, scalable 
lineage data, however, guaranteeing a regular cadence of barcode deposition  has remained difficult.   

At the core of eukaryotic genome replication are two major DNA polymerases, polymerase ε (Pol ε) and 
polymerase δ (Pol δ), responsible respectively for leading and lagging strand synthesis (30). Disruption of the 
proofreading exonuclease domain of these polymerases, particularly via specific amino acid substitutions, can 
elevate the genome-wide mutation rate by orders of magnitude (31–33). Mutations in the Pol ε exonuclease 
domain, such as POLE P286R, were originally characterized in hypermutated endometrial and colorectal 
cancers  (26, 31), where they yield extraordinarily high mutation burdens exceeding 100 mutations per 
megabase—the highest observed in human tumors (34). Critically for lineage tree time calibration, the 
mutations generated by proofreading-deficient replicative polymerases usually occur synchronously with DNA 
replication, thus acting as an intrinsic "molecular clock" that can encode the ages of cellular ancestors. 
 
To test the suitability of POLE P286R for continuous time-calibrated lineage tracing using SPC-based sc-WGS, 
we introduced the POLE P286R mutation into K562 cells (K562 POLEP286R) using CRISPR-Cas9-mediated 
homology-directed repair. Editing rates exceeded 50% within three days post-editing, as quantified by amplicon 
sequencing of the targeted locus (Fig. S14). Edited cells exhibited no observable fitness disadvantage, 
maintaining consistent growth rates without apparent selective pressures against the POLE P286R allele over 
12 days in culture (Fig. S14). Consistent with expectations from previous studies, whole genome sequencing 
at regular intervals demonstrated a characteristic spike in the TCT>TTT mutation signature and a constant 
accumulation of mutations, occurring at a rate of 862 mutations per million reads per day (Pearson’s r 0.58), 
which was significantly elevated relative to controls (Figure 4B,C).  
 
Given the predictability of mutational accrual associated with the POLE P286R allele, we reasoned that this 
genetic background could serve as a robust method for high-resolution lineage tracing. To test this concept 
empirically, we initiated a lineage tracing experiment by subjecting K562 POLEP286R cells to serial bottlenecking, 
beginning with small founding populations (starting with approximately 3–5 cells), and subsequently expanding 
and serially splitting these populations to impose a defined lineage structure (Figure 4D). Populations 
proliferated for equal durations (24 days), consistently reaching a density-dependent growth plateau indicative 
of nutrient and spatial limitation (Figure 4E). SPC-based sc-WGS (Fig. S15) with shallow sequencing yielded a 
total of 1,379,244 detectable variants with 2 or more reads supporting the alternative allele, and an average of 
954 variants per cell (Figure 4F). With the exception of population P2, phylogenetic reconstruction based on 
these mutational patterns faithfully recapitulated the ground-truth lineage structure (Figure 4G,H), 
demonstrating the POLE P286R allele’s utility for quantitative lineage tracing. The lack of concordance to the 
anticipated lineage structure by population P2 is possibly attributable to incidental mutations in cell-cycle 
regulatory genes, and subsequent accumulation of a small subclonal lineage and warrants further 
investigation. 
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Figure 4. POLE P286R is a continuous recorder of cellular division and cellular lineage. (A) Model of the 
mutations generated by POLE P286R on the leading strand. (B) Mutations in genomic DNA per million reads 
(PMR) are plotted as a function of days in culture for all mutations (left) or TCT>TTT (right). Dotted line is the 
average number of mutations called in the non-targeting control. (C) Trinucleotide context of the mutations 
detected in POLE P286R after subtraction from mutations detected in the control. POLE P286R trinucleotide 
signature noted with a (*). (D) A small bottlenecked well of K562 POLEP286R cells was split on days as indicated 
by the diagram and collected 24 days after editing. (E) Endpoint cell count of each serially bottlenecked K562 
POLEP286R population. (F) Variants (with Allele Depth ≥ 2) called per cell plotted as a function of the by 
population. (G) Dendrogram computed by grouping variants within each population and comparing the 
normalized hamming distances between all sites observed in both groups. (H) Single cell lineage structure of 
1000 K562 POLEP286R cells, computed by comparing the normalized hamming distance of sites common to 
pairings of individual cells. Colors in the heatmaps denote normalized hamming distances. 
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Supplementary Figure 14. Growth and POLE P286R editing rates of K562 cells. K562 cells were 
nucleofected with sgRNA targeting POLE and donor template encoding the POLE P286R mutation. Cells were 
monitored for growth rate (left) and the percentage of templates that were edited (right) versus no editing 
(Sans) or while using a control sgRNA targeting the safe harbor locus AAVS1.  

 

 
Supplementary Figure 15. DNA content during library prep. SPCs were stained with SYBR green and 
imaged at various points during the library prep procedure including after lysis and before amplification (1st 
and 2nd column), after amplification (third column, top row), or after fragmentation and combinatorial indexing 
(third column, middle row).  
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Discussion 
Life’s compartmentalization of matter fundamentally enables the chemical reactions necessary for complex 
cellular processes and organismal forms (35). At the molecular scale, these reactions are governed by 
information encoded in the structure and sequence of biopolymers, whose identities, arrangements, and 
stoichiometries have been propagated through successive cell divisions. Against this backdrop, the genome 
acts as a blueprint for reproducing and replacing molecular machinery, and innovating new biomolecules 
through mutational processes (36, 37). Inadvertently, these processes leave scars in the genome creating a 
history of mutational events over time (38). Deciphering these genomically-encoded histories within individual 
cells pinpoints the mechanisms underlying the evolution of both molecules and organisms, providing insight 
into both form and function. 
  
The study of compartmentalized biological systems requires a compartment-centric experimental approach. In 
this study, we introduce and characterize a novel commercially available semi-permeable capsule (SPC) 
comprising a polysaccharide-based shell polymer. These hydrogel capsules can be imagined as picoliter-scale 
reaction chambers that are capable of containing the contents of a cell for measurement, manipulation, and 
analysis ex situ (9). SPCs can withstand a battery of organic solvents, extreme temperatures, and are stable 
upon treatment with various nucleases and proteases. These properties, in conjunction with the diffusion of 
biomolecules under a specific size-cutoff, make SPCs a generalizable container for molecular biology, cellular 
biology, and genomics, enabling a diverse set of applications. We demonstrate the utility of capsule-based 
assays by growing over 500,000 bacterial or mammalian cultures simultaneously within SPCs, and generating 
thousands of single cell whole genome sequencing libraries in a single experiment.  
 
Our results illustrate the unique capability of SPCs to maintain high specificity and sensitivity during the 
amplification of nucleic acids originating from distinct cells. For instance, in single-cell amplicon sequencing 
assays utilizing multiplexed PCR primers, we successfully detect reads from target amplicons in over 95% of 
cells, with more than 84% of cells demonstrating the detection of both alleles at a known heterozygous site. 
Additionally, single-cell whole-genome amplification and sequencing within SPCs yielded libraries with highly 
uniform genome-wide coverage and minimal cross-contamination between species. We then leveraged this 
capability by conducting large-scale single cell whole-genome sequencing of 1,000 bottlenecked K562 cells 
harboring a hypermutator allele of polymerase ε (POLE P286R), the enzyme responsible for leading-strand 
DNA synthesis. The constant accumulation of mutations genome-wide in these cells when deployed in 
conjunction with single cell whole genome sequencing, can be used to reconstruct cellular lineages and 
estimate the number of cell divisions a cell has undergone.   
 
We anticipate that the use of molecular recorders linked to constant processes like cell division, will enable the 
investigation of a new class of biological questions that have been previously inaccessible in optically opaque 
organisms. Such questions range from the extent of dominance exhibited by cellular clones during physiologic 
processes such as the formation of organs, tissue regeneration, or disease (39). Intriguingly, mice carrying the 
hypermutator and ultramutator alleles are viable, undergoing normal development despite their high somatic 
mutation rates and thus providing a path towards performing lineage tracing in vivo . The access to both 
flexible methods for generating single cell genome libraries at scale, in conjunction with the continued scaling 
of next generation sequencing technologies (40, 41) promise to make these fundamental questions ones that 
will be addressable in the near future.  
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Supplementary Files:​
 
Supplementary Video 1. Video of 65µm SPC generation. SPCs generation visualized on the Onyx Droplet 
Microfluidic platform (Atrandi Biosciences). Video captured at a frame rate of 50µs and rendered at 30 frames 
per second. 
 
Supplementary Video 2. Capsule Release After Addition of Glycosidase . HEK293T cells encapsulated in 
semi-permeable capsules. 10μL of capsules were released via addition of 1μL of Release Agent, at t=0. 
Capsules were imaged at 20× magnification on a Nikon Live imager; scale bar:50µm 
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Methods 
Generation of SPCs using Co-Flow Devices: 
A complete description of flow rates, microfluidic chip characteristic sizes, and product numbers, can be found 
in Table S1 for the generation of capsules at a range of sizes. Below we have outlined a description for the 
generation of 200µL of 65µm ± 5µm capsule suspension. Volumes of Core Solution (CS), Shell Solution (SS), 
and Capsule Stabilization Oil (CSO) can be scaled based on flow rates for each device or the batch size of 
capsules desired. 
 
SPCs were generated by making CS and SS separately prior to loading the solutions and CSO into the 
microfluidic chip. To make CS, 50µL of Core (CRP-CR1: Atrandi Biosciences), 36.5µL of 1x PBS (70011-044: 
Gibco), 12.5µL of Photoinitator (CRP-PA1: Atrandi Biosciences), and 1µL of 1M DTT (646563: Sigma-Aldrich) 
were combined in a microcentrifuge tube. This formulation is referred to as the standard core solution, general 
protocols replace the 36.5 PBSµL of 1x PBS with an experiment appropriate buffer or material for 
encapsulation. To make SS 50µL of Shell (CRP-SR1: Atrandi Biosciences) and 50µL of 1x PBS (70011-044: 
Gibco) were combined in a microcentrifuge tube. This formulation is referred to as the standard shel solution. 
Both CS and SS were mixed by gentle pipetting, attempting not to introduce bubbles followed by centrifuging 
for 1 minute at 13,000*g on a fixed angle benchtop centrifuge. For consistency, Core and Shell solutions were 
pipetted and mixed using wide bore tips or pipette tips cut with a razor blade. 
 
Both SS and CS were loaded separately into 1mL syringes with a 400µL underlay of Sample Loading Oil 
(MON-SLO1: Atrandi Biosciences). Finally, 750µL of CSO was loaded into a 1mL syringe. All three syringes 
were primed and connected to a co-flow microfluidic chip. Emulsions were generated after setting flow-rates 
(specific values in Table S1) and collected in a 1.5mL microcentrifuge tube. After collection, emulsions were 
inverted gently five times and then polymerized for 30 seconds using 405nm light (MHT-LAS1: Atrandi 
Biosciences). After polymerization, emulsions were broken with 500µL of a 1:1 mixture of Emulsion Breaker 
(MON-EB1: Atrandi Biosciences) and 1x PBS, containing 1x Wash Additive (CRP-WA1: Atrandi Biosciences). 
The aqueous layer (top layer) containing the SPCs, was then moved to a new 1.5mL microcentrifuge tube and 
washed once again with 500µL of emulsion breaking solution. SPCs were stored in 1x PBS augmented with 
0.1x Triton-X  (X100-100ML: Sigma-Aldrich). Triton-X prevents the SPCs from sticking to the walls of the 
plastic tube. 
 
Supplementary Table 1 

Chip Expected Size CS flow rate 
(µL/hour) 

SS flow rate 
(µL/hour) 

CSO flow rate 
(µL/hour)  

MCN-C2 35µm 25 25 300 
MCN-C4 65µm 75 75 450 

CCN-G4-Q2 175µm 150 150 600 
 
Chemical Stability Experiments (Figure S1) 
SPCs were loaded with 2 million HEK-293T cells / mL, polymerized, and washed before lysis with GeneJet cell 
buffer (Thermo Fisher; K0731). Genomic DNA was amplified using primers (247F, 
CCGCCGCTTTCCTTAACCACAAATCAGGC) and (255R, TGCACCACTTCCCAGGACATAGGCGTGTG).  
Targets were amplified using the following program: 1 cycle of 98°C for 3 minutes; 40 cycles of (98°C for 20 
seconds, 65°C for 20 seconds, 72°C for 1.5 minutes); and a final extension at 72°C for 5 minutes, using Kapa 
HiFi Hotstart Readymix (Roche). After PCR, SPCs were prepared for either overnight organic solvent, 
acid/base, or temperature exposure. In the organic solvent condition, SPCs were solvent exchanged by 
washing twice in 100% ethanol and were charged into a 1-dram glass vials (Fisher) and incubated in hexanes 
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(Sigma Aldrich), diethyl ether (Fisher), dichloromethane (EMD Millipore), 2-propanol (Sigma Aldrich), 
1-propanol (Sigma Aldrich), ethanol (Sigma Aldrich), ethyl acetate (Fisher), acetone (Fisher), methanol 
(Fisher), N-N,dimethylformamide (Fisher), or dimethyl sulfoxide (Fisher). SPCs were recovered from overnight 
incubation into 100% ethanol and washed twice with 100% ethanol. In the acid/base condition, SPCs were 
washed twice in ddH2O and were charged into a 1-dram glass vial and incubated in dilutions of NaOH or HCl.  
In the temperature conditions, SPCs were incubated with 1× Wash Buffer (CRP-WA; Atrandi Biosciences) 
during all temperature treatments. In all temperature conditions (-196°C, -80°C, 22°C, and 100°C) SPCs were 
incubated for 1 hour. In the -196°C condition, a microcentrifuge tube containing SPCs was placed on a float 
rack and allowed to sit on liquid nitrogen. In the -80°C condition, a microcentrifuge tube containing SPCs was 
placed in a cryogenic freezer. Room temperature SPCs were allowed to sit benchtop. Finally, in the 100°C 
condition, a microcentrifuge tube with SPCs was placed on a preheated, benchtop heat block. Before imaging, 
SPCs were washed twice with hypotonic nuclei buffer (3mM MgCl2, 10mM Tris-HCl, 10mM NaCl, 0.1% 
Tween-20, and 0.1% NP-40) and stained with SYBR Gold.  
 
Physical SPC Disruption 
SPCs were broken using high impact 1.5mm zirconium beads (Benchmark Scientific; D1132-15TP). First, 5-20 
zirconium beads were added to 20-150µL of SPCs, in a 1.5mL microcentrifuge tube. SPCs and beads were 
then vortexed at maximum speed for 1 minute. SPCs and beads were then passed over a 5µM cell strainer 
(PuriSelect; 43-10005-40), at 1,000*g for 1 minute,  into a fresh 1.5mL microcentrifuge tube.  
 
Microscopic Imaging of SPCs 
For most experiments, SPCs were visualized in Countess cell counting chamber slides (C10228: Thermo 
Scientific). For larger SPCs that did not fit within cell counting chamber slides, SPCs were placed on a cover 
glass bottom 24 well plate (CellVis; P24-1.5H-N) prior to imaging. Most images were acquired on an Echo 
Revolve microscope with the following objectives: 
 

Objective NA Pixel Size (µm/pixel) Phase Ring 
4x 0.13 0.8838 No Phase 

10x 0.30 0.3535 Phase 1 
20x 0.45 0.1768 Phase 1 

​
SEM (Figure 1C, Figure S2)​
Cells/coverslips/HMDS for SEM. Duplicates of 50µLof each sample were applied in a pool on poly-l-lysine 
coated coverslips for 30min and then rinsed twice with 0.1M sodium cacodylate buffer. The coverslips were 
then dehydrated through a graded series of alcohols, infiltrated with several changes of HMDS (Electron 
Microscopy Sciences, Hatfield, PA) and allowed to air dry. Coverslips were then mounted on aluminum stubs 
and sputter coated with gold/palladium (Denton Desk IV, Denton Vacuum, Moorestown, NJ). Samples were 
imaged on a JSM 6610 LV scanning electron microscope at 15kV (JEOL, Tokyo, Japan). 
 
Live Imaging and Capsule Release (Supplemental Video 2) 
10µL of either empty, encapsulated K562, or encapsulated HEK293T SPCs in 40µL of 1 x PBS were loaded 
onto a 0.17mm (+/- 0.005 mm) glass bottom plate, and allowed to settle. Videos were taken on a Nikon Live 
imager. To release capsules, 1µL of Release Agent (Atrandi; CRP-PA1) was added to the end of a capillary 
tube. Capillary was placed at the center of each well, and at t = 0, 1 x PBS was gently injected at the opposite 
end of tubing, to introduce Release Agent into the well.  Videos were captured using bright field (BF) and GFP 
channels, using 20X objective. ​
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Retention Experiments (general) (Figure 1E,F, Figure S3) 
SPCs were generated with the MCN-C4 chip. After SPC formation, emulsions were broken by the addition of  
200µL of 1H,1H,2H,2H-Perfluorooctanol (ThermoFisher; B20156.18) followed by quick vortexing. Broken 
emulsion was then spun at 1000g for 30 seconds, and residual oil underneath the SPC layer was removed. To 
rehydrate SPCs, 150µL  of 1x PBS was added to the solution and the solution was quickly vortexed. SPCs 
were spun down and top, aqueous layer was captured. 40µL of SPCs were then collected as the t = 0 fraction. 
Next, 850µL of  1x PBS was added to SPCs, and the mixture was  allowed to incubate with end-over-end 
rotation until the next time point. At each time point, SPCs were centrifuged at 2000*g for 1 minute, 
supernatant was discarded, and a 100µL aliquot of hard packed SPCs was recovered. This procedure was 
repeated and samples were collected at the 5 minute time point (1 wash), 10 minute time point (2 washes), 30 
minute time point (3 washes) and 60 minute time point (4 washes). After the final collection, approximately 5 
1.5mm Zirconium beads (Benchmark Scientific; D1132-15TP) were added to each sample and vortexed for 30 
seconds to physically disrupt the SPCs. Fragmented SPCs and beads were then passed over a 5µM cell 
strainer (PuriSelect; 43-10005-40), at 1,000*g for 1 minute,  into a fresh 1.5mL microcentrifuge tube. Finally, 
purified flowthrough was run on a gel depending on the sample type.​
 
DNA Ladder Retention (Figure 1E) 
Core: 25µL of TrackIt 1kB Plus DNA ladder (Invitrogen; 10488085) and 12.5µL of Ultra Low Range DNA 
Ladder (Thermo Fisher; 10597012) were mixed into the standard core working solution. Shell working solution 
was standard composition and 65µm SPCs were generated using standard flow rates, with the MCN-C4 chip. 
After physical disruption of SPCs, 15µL of product was mixed with 4µL of 6x loading dye and run on a 6% TBE 
gel. After completion, the gel was stained with SYBR gold and imaged on the Biorad Chemidoc.  
 
Protein Ladder Retention (Figure 1F, Figure S3) 
Native Protein Standard Mix 15 - 600 kDa (Millipore Sigma; 69385-30MG) was reconstituted in 1mL of water. 
36.5μL of this protein solution was loaded into the core solution. The shell solution was standard composition. 
65µm. SPCs were generated with standard flow rates, with the MCN-C4 chip. After physical disruption of the 
SPCs, 100µL of 2x Laemmli Sample Buffer (Biorad; #1610737), supplemented with 2-Mercaptoethanol, was 
added to each sample and boiled for 5 minutes at 80°C. 15µL of each sample was run on a Mini-PROTEAN 
TGX Stain-Free gel (Biorad; #4568126), stained with coomassie Blue, and imaged. 
 
Mononucleosome Purification and Retention Experiment (Figure 1F, Figure S3) 
Nucleosomes were isolated from K562 cells. K562 cells were crosslinked in ice-cold crosslink buffer (80mM 
PIPES-KOH (pH 6.8), 15mM NaCl, 60mM KCl, 30% Glycerol, 1mM MgCl2, 10mM β-glycerophosphate, 10mM 
Sodium Butyrate, 1% formaldehyde). Crosslinked cells were permeabilized by digitonin buffer (80mM 
HEPES-KOH (pH 7.4), 15mM NaCl, 60mM KCl, 0.05% Digitonin, 50mM Glycine, 1.25x Protease inhibitor, 
10mM β-glycerophosphate, 10mM Sodium Butyrate, 1mM MgCl2, and 5mM CaCl2) and treated with 0.9µM 
MNase at 4ºC for 16 hours. The mononucleosome-containing fraction was isolated by 12-22% sucrose 
gradient (42) and 36.5µL of the mononucleosome fraction was mixed into the CS. After collection of fractions 
from the retention testing, mononucleosomes were either treated with 0.5µL of Thermolabile Proteinase-K 
(P8111S: New England Biolabs) for 30 minutes at 37°C or not. 10µL aliquots of these samples were then run 
on a native 6% TBE gel and visualized after staining with SYBR Gold. 
​
Ribosome Retention (Figure 1F, Figure S3) 
Ribosomal subunits were purified from HEK293T as described in ref (43). Ribosomes were reconstituted by 
mixing purified 40S and 60S ribosomal subunits in 80S formation buffer [150mM KOAc, 200mM MG(OAC)2, 
30mM HEPES-KOH (pH 7.4), 400mM Sucrose and 200mM DTT] for 10 minutes at 37 C to form the 80S 
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particle. 36.5μL of reconstituted ribosome was then loaded into the core. The shell solution was standard 
composition. 65µm SPCs were generated with standard flow rates. After physical disruption of the SPCs, 
100µL of 2x Laemmli Sample Buffer (Biorad; #1610737) supplemented with 2-Mercaptoethanol was added to 
each sample and boiled for 5 minutes at 80°C. 15µL of sample was run on a Mini-PROTEAN TGX Stain-Free 
gel (Biorad; #4568126), stained with coomassie stain solution, and imaged. 
 
Protein Design (Figure 1F, Figure S3) 
Tetrahedral and icosahedron nanoparticle backbones of 80 amino acids per subunit were generated with 
RoseTTAFold Diffusion as previously described (11). Following diffusion, backbones were minimally 
downsampled, only filtering on external C-termini (for experimental purification) and inter-subunit contacts to 
ensure sufficient interface size. Backbones were then designed as homo-oligomers with ProteinMPNN at a 
sampling temperature of 0.1 and with 8 sequences per RFdiffusion-generated backbone (44). Candidate 
sequences were then predicted (asymmetric unit only) with AlphaFold2 (45) and designs were filtered on 
pLDDT ≥ 85 and RMSD ≤ 1 Å, with 1,187 designs passing.  
 
Protein Purification (Figure 1F, Figure S3) 
Glycerol stocks (100µL) were used to inoculate 50mL Terrific Broth in 250 mL baffled flasks. Cultures were 
grown for 8h at 37°C before the addition of IPTG to a final concentration of 0.1mM. Bacteria were then grown 
overnight at 37°C and cell pellets were harvested via centrifugation (30 min, 4000 x g). Pellets were 
resuspended in 25 mL lysis buffer (25 mM Tris HCl pH 8, 300 mM NaCl, 40 mM Imidazole, 1 mM DNase I, 10 
µg /mL lysozyme) and lysed by sonication (Q500 Sonicator Dual Horn ¾ ” probes, Qsonica, 5 min, 85% 
amplitude, 15s on/off cycles). Lysate was clarified by centrifugation (14,000 x g, 20 min.). The supernatant was 
run over the 5mL of Ni-NTA Agarose (Qiagen; 30230). The column was then washed with 2 column volumes of 
Wash buffer (25 mM Tris HCl pH 8, 300 mM NaCl, 40 mM imidazole) and then eluted in 3mL of elution buffer 
(25 mM Tris HCl pH 8, 150 mM NaCl, 400 mM imidazole). Proteins were then dialyzed into 1x PBS before 
performing size exclusion chromatography (SEC). SEC was performed on an equilibrated Superdex 200 
Increase 10/300 GL at a flow rate of 0.3 mL/min in1x PBS. Fractions were collected in 0.25 mL intervals from 4 
mL to 40 mL. The corresponding fractions for the oligomer were combined and then concentrated using a 
centrifugal concentrator with a 3kD molecular weight cutoff (Millipore Sigma; UFC900308).  
 
Protein Design Retention (Figure 1F, Figure S3) 
36.5µL of each concentrated protein design was loaded into the core solution. The shell solution was standard 
composition. 65µm SPCs were generated with standard flow rates. After physical disruption of the SPCs, 
100µL of 2x Laemmli Sample Buffer (Biorad; #1610737) supplemented with 2-Mercaptoethanol was added to 
each sample and boiled for 5 minutes at 80°C. 15µL of sample was run on a Mini-PROTEAN TGX Stain-Free 
gel (Biorad; #4568126), stained with coomassie Blue, and imaged.​
​
Nalm6 Staining in SPCs (Figure 1G)​
For staining experiments, Nalm6 cells were encapsulated in SPCs at 1.5 × 10⁶ cells per 100µL of SS as 
described above. SPCs were incubated at room temperature with minimal light exposure at a 1:100 dilution of 
anti-CD19-PE (Biolegend) for a specified time. Cells were then pelleted by centrifugation at 500 × g for 3 
minutes, and washed twice with FACS buffer (PBS supplemented with 10% FBS and 1mM EDTA). Final 
solutions of 200µL SPC-Nalm6 were released by the addition of 4µL of release agent. Cells were passed 
through a 22µM filter and fluorescence was then quantified via flow cytometry on the Cytek Aurora.  
 
Bacterial Culture (Figure 2B-D) 
SPCs encapsulating bacterial cells were generated as follows. To prepare the core solution (CS), the 
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following components were combined in a microcentrifuge tube: 50µL of Core reagent (CRP-CR1; Atrandi 
Biosciences), up to 36.5µL of Terrific Broth (TB) (Thermo Fisher; A1374301), log phase E. Coli  in TB, 12.5µL 
of Photoinitiator (CRP-PA1; Atrandi Biosciences), and 1µL of 1 M DTT (64656; Sigma-Aldrich). For the shell 
solution (SS), 50µL of Shell reagent (CRP-SR1; Atrandi Biosciences) was mixed with 50µL of TB. When 
targeting sub-Poissonian loading of single cells per capsule, SPCs were generated with a total of 314,000 cells 
suspended in 50µL of conditioned media, yielding an estimated recovery of ~200,000 cells and estimated 
multiplet rate in SPCs of 11.3%. Immediately after encapsulation, 500µL of emulsion breaker solution 
(MON-EB1; Atrandi Biosciences) was added to the mixture along with 500µL of TB. The mixture was inverted 3 
times and incubated for 3 minutes at room temperature, followed by centrifugation at 300 × g for 3 minutes to 
separate the loading oil from the SPCs. The oil layer was removed via pipetting and discarded. SPCs  were 
then grown in 1.5mL of TB in a 14-mL round bottom tube for 8 hours before imaging on a Countess slide. For 
bacterial growth experiments, 10μL of SPCs were broken through the addition of 0.5µL of Release Agent 
(Atrandi; CRP-PA1)  and plated on agar at multiple dilutions. After growth colonies were counted and used to 
estimate the growth rate. 
 
Cell Culture (Figure 2E-M, Figure S6-S9) 
Cells grown in suspension, such as K562, Nalm6, and Jurkat cells, were cultured in RPMI (Gibco) 
supplemented with 10% FBS (Cytiva), 1% penicillin and streptomycin (Gibco), and 1% GlutaMAX (Gibco). 
Adherent cells, such as HEK293T cells, were cultured in DMEM (Gibco) supplemented with 10% FBS, 1% 
penicillin and streptomycin, 1% HEPES (Gibco), and 1% GlutaMAX.  
 
Generation of SPCs Encapsulating Mammalian Cells (Figure 2E-M, Figure S6-S9) 
SPCs encapsulating mammalian cells were generated by adapting previously established parameters. All 
SPCs were prepared by separately formulating the core solution (CS), shell solution (SS), and capsule 
stabilization oil (CSO). To prepare the core solution (CS), the following components were combined in a 
microcentrifuge tube: 50µL of Core reagent (CRP-CR1; Atrandi Biosciences), 28.5µL of 1× conditioned media, 
12.5µL of Photoinitiator (CRP-PA1; Atrandi Biosciences), and 9µL of 1 M DTT (64656; Sigma-Aldrich). For the 
shell solution (SS), 50µL of Shell reagent (CRP-SR1; Atrandi Biosciences) was mixed with 50µL of the 
suspended cell mixture in a separate microcentrifuge tube. When targeting sub-Poissonian loading of single 
cells per capsule, SPCs were generated with a total of 750,000 cells suspended in 50µL of conditioned media, 
yielding an estimated recovery of ~500,000 cells and estimated multiplet rate in SPCs of 12%. For standard 
cell growth experiments, cell suspensions containing 1.5–3 × 10⁶ cells in 50µL were used, resulting in an 
estimated recovery of 1–2 × 10⁶ cells post-encapsulation and an estimated multiplet rate of at least 33%. 
Immediately after encapsulation, 500µL of emulsion breaker solution (MON-EB1; Atrandi Biosciences) was 
added to the mixture along with 500µL of conditioned media. The mixture was incubated for 3 minutes at room 
temperature, followed by centrifugation at 300 × g for 3 minutes to separate the loading oil from the SPCs. The 
oil layer was decanted from the bottom and discarded. To further purify the SPCs, 500µL of additional media 
supplemented with 1× Wash Buffer (CRP-WA; Atrandi Biosciences) was added. After centrifugation at 300 × g 
for 1 minute, any residual oil was decanted, and the wash step was repeated once more. Cell-containing SPCs 
were then plated with 1:1 conditioned media to fresh media.  
 
Cell Counting Experiments (Figure 2E-J, Figure S6A-D, S7) 
For all cell lines, we generated stable expressing cells to facilitate downstream imaging and counting during 
SPC culture. Briefly, we produced lentivirus harboring an EGFP expression cassette for integration at the 
AAVS1 locus. Following transduction, fluorescence was confirmed via flow cytometry and EGFP-positive cells 
were sorted. After a recovery period, a subset of these cells was used for encapsulation, as described above. 
To assess cell proliferation, we compared the growth rates of encapsulated cells to those of free-floating cells 
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of the same passage and density, ensuring a similar initial number of cells per cm² of culture surface area. All 
conditions were plated in triplicate. Growth rates were determined by counting a fixed volume of cells in both 
SPC and free cultures of vigorously mixed culture was taken from each condition.  In the case of SPC cultures, 
a ratio of 1µL of release agent per 20µL culture was added, followed by a 3-minute incubation at room 
temperature. A 10µL sample of the released cell suspension or undisturbed cells was then mixed with 10µL of 
trypan blue to assess viability. Live cells were quantified using a Countess 3 Automated Cell Counter 
(ThermoFisher Scientific). 
 
Cell Freezing Experiments (Figure 2L,M)​
For freezing experiments, SPCs were generated with a high-density loading of 3 × 10⁶ K562 cells per 100µL of 
SS. Following encapsulation, cells were allowed to rest for 24 hours before being frozen in one of three 
cryopreservation formulations: 0%, 5%, or 10% DMSO in fresh RPMI media supplemented with 15% FBS. For 
each condition, approximately 225,000 SPCs—corresponding to 425,000 cells per vial—were aliquoted in 
triplicate into vials containing a final volume of 500µL. Cells were gradually cooled to -80°C at a rate of 1°C per 
minute and stored for 5 days at -80°C. To thaw the cells, vials were quickly brought to room temperature using 
a 37°C water bath. A total of 500µL of pre-warmed media was added to each vial, and the cells were pelleted 
by centrifugation at 300 × g for 1 minute to remove the freezing media. All conditions were resuspended in 1 
mL of pre-warmed media and plated in a 6-well culture-treated plate. For cell viability imaging, cultures were 
co-incubated with 1× SYTO-9 (at a 1:2000 volumetric ratio) and 1× ethidium homodimer-1 (at a 1:500 
volumetric ratio) for 10 minutes at 37°C. Live cells were quantified as described above. ​
 
Fibronectin coating of SPCS (Figure 2K)  
For coating experiments, SPCs were assumed to have a 65µm diameter, with a surface area of approximately 
13.3 x 10-4 cm2 per SPC. Fibronectin at 0.05M (F1141; Millipore Sigma) was added to the core mixture at 5 µg /  
per cm2 for approximately 100,000 SPCs per run. A following final composition was used for the CS: 50µL of 
Core reagent (CRP-CR1; Atrandi Biosciences), 2.95 µL of 1:1000 fibronectin, 22.55 µL of 1× conditioned 
media, 12.5µL of Photoinitiator (CRP-PA1; Atrandi Biosciences), and 9µL of 1 M DTT (64656; Sigma-Aldrich). 
For SS, 50µL of Shell reagent (CRP-SR1; Atrandi Biosciences) was mixed with 50µL of a suspended 
HEK239T cell mixture of containing 1.5 × 10⁶ cells in a separate microcentrifuge tube.  
 
Confocal imaging for quantification of SPC occupancy by K562 cells (Figure S6 H-I) 
SPCs encapsulating fixed K562s were generated by loading cells at a high density and allowing cells to grow 
in SPCs in culture for 10 days. Following cell growth, SPCs were washed once in 1x PBS before fixing with 4% 
PFA for 15 minutes at room temperature. Fixative was quenched by adding 1mL of 1M Tris/HCl pH 7.4. SPCs 
were then washed with 1x PBS. The SPCs were centrifuged at 300g for 3 minutes and resuspended in 6μM 
Yo-Pro-1 monomeric DNA stain (Biotium Cat. No. 40089) in 1xPBS for 10 minutes. The SPCs were then 
centrifuged at 300g for 3 minutes and resuspended in 1xPBS. After a final round of centrifugation and rinsing in 
1xPBS, 25μL of the stained SPC suspension was placed on a glass coverslip, which was sealed onto a glass 
slide with nail polish. Confocal imaging of the stained SPCs was performed using Yokogawa CSU-W1 SoRa 15 
spinning disc confocal attached to a Nikon Eclipse Ti2 microscope. Excitation light was emitted at 30% of 
maximal power from a 488nm laser housed by a Nikon LUNF 405/488/561/640NM 1F commercial launch. A 
single-mode optical fiber transmitted the excitation light to the CSU-W1 SoRa unit. The excitation light was 
then directed through a microlens array disc and a SoRa disc containing 50µm pinholes and directed the the 
rear aperture of a 60x N.A. 0.95 Plan Apo lambda air objective by a prism in the base of the Ti2. Emission light 
was collected by the same objective and passed by the prism back into the SoRa unit, where it was relayed by 
a 1x lens through the pinhole disc and directed into the emission path by a quad-band dichroic mirror (Semrock 
Di01- 25 T405/488/568/647-13x15x0.5). Emission light was then spectrally filtered by a bandpass filter (ATTO 
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488: Chroma ET525/36M) and focused by a 1x relay lens onto an Andor Sona 4.2B-11 camera with a physical 
pixel size of 11µm, resulting in an effective pixel size of 183.3 nm. The Sona was operated in 16-bit mode with 
rolling shutter readout and an exposure time of 100ms. Nikon NIS-Elements was used to define a volumetric 
tiled acquisition (20 FOV x 20 FOV) with 5% tile overlap and 237 z-planes with a z-step of 0.2 um, covering 
~12.7 mm^2 at a depth of 47.4 um for a total volume of ~ 0.6mm^3. BigStitcher, an ImageJ plugin 
(https://github.com/PreibischLab/BigStitcher) was used to align the tiles and generate a single stitched image. 
The ‘cyto3’ model from CellPose 3.0 (https://github.com/MouseLand/cellpose) was used to segment nuclei in 
the image volume. After generating nuclei segmentation masks, DBSCAN was run to assign nuclei to spatial 
clusters (SPCs) using the nuclei centroid positions. The clustering results were then manually refined in 
ImageJ to correct nuclei assignments in sparsely-populated SPCs. Specifically, SPC boundaries were 
identified by adjusting the image contrast and incorrect cluster assignments were resolved by selecting regions 
using the ImageJ selection tool and assigning a common label to all nuclei centroids within each region. Finally, 
the python package matplotlib was used to generate a histogram showing the number of nuclei detected within 
each SPC. ​  
 
PCR Amplicon Ladder Experiment (Figure S10) 
Overloaded SPCs were generated by creating a solution containing 700,000 cells in 36.5µL 1x PBS. The SPC 
generation protocol was otherwise standard. Upon generation, SPCs were polymerized, broken and washed 
before digestion with Proteinase-K in lysis buffer (0.1% SDS, 10mM Tris/HCl pH 7.5). These SPCs were used 
as template for PCR reactions. PCR reactions were performed with 0.5µM of the forward and reverse primer 
(Table S3) along with Kapa HiFi 2x Master Mix (Roche; KK2602) and 10μL of hard packed SPCs in a 
50µLreaction. PCR was performed with the following program:  
—---------------------—--------------------- 
98ºC for 3 minutes 
30 cycles of: 

98ºC for 15 seconds  
63ºC for 30 seconds 
72ºC for 2 minutes 

72ºC for 5 minutes 
—---------------------—--------------------- 
Supernatant was recovered by pelleting SPCs and stored. SPCs were washed 5x in 200µL Wash Buffer 1 
(WB1) [10mM  Tris/HCl pH 7.5, 0.1% Triton-X, 10mM EDTA]. SPCs were stained by adding 1µL of SYBR 
Green (200x working concentration) to pelleted SPCs with 100µL of 1x PBS. SPCs were imaged with a 4x 
objective by loading concentrated SPCs onto a countess slide. Gel electrophoresis was performed after 
breaking 5µL of SPCs by adding 1µL of Release Agent (Atrandi; CRP-PA1). Supernatant and SPC fractions 
were run on a 6% TBE gel, stained with SYBR Gold and imaged. 
 
Empty SPC, amplicon swapping experiment (Figure S12) 
Empty SPCs were generated by creating a core solution containing 36.5µL 1x PBS. The SPC generation 
protocol was standard. Upon generation, SPCs were polymerized, broken and washed in 1x PBS. These SPCs 
were placed in a PCR reaction in addition to 0.5µM of the forward and reverse primer (Table S2),  Kapa HiFi 
2x Master Mix (Roche; KK2602) and genomic DNA at a final concentration of 0.48 ng/µL in a 50μL reaction. 
PCR was performed with the following program:  
—---------------------—--------------------- 
98ºC for 3 minutes 
30 cycles of: 

98ºC for 15 seconds  
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63ºC for 30 seconds 
72ºC for 2 minutes 

72ºC for 5 minutes 
—---------------------—--------------------- 
Supernatant was recovered by pelleting SPCs and stored. SPCs were washed 5x in 200µL Wash Buffer 2 
(WB2) [10mM  Tris/HCl pH 7.5, 0.1% Triton-X].  The same 0.5µM of the forward and reverse primer were then 
added to the corresponding SPCs in addition to Kapa HiFi 2x Master Mix (Roche; KK2602) in a 50µLreaction. 
After 30 cycles of a second PCR (same parameters), SPCs were washed 5x in 200µL Wash Buffer 1 (WB1) 
[10mM  Tris/HCl pH 7.5, 0.1% Triton-X, 10mM EDTA]. SPCs were stained by adding 1µL of SYBR Green (200x 
working concentration) to pelleted SPCs with 100µL of 1x PBS. SPCs were imaged with a 4x objective by 
loading concentrated SPCs onto a countess slide. Gel electrophoresis was performed after breaking 5µL of 
SPCs by adding 1µL of Release Agent (Atrandi; CRP-PA1). Supernatant and SPC fractions were run on a 6% 
TBE gel, stained with SYBR Gold, and imaged. 
 
Supplementary Table 2: 
Oligo name Sequence 5’-> 3’ Amplicon 

length 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 100bp 
o00248_R_100_F1_Primer_Ladder GGCTGTAGATAGCAAAGTGCTGGCAGTCTG 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 200bp 
o00249_R_200_F2_Primer_Ladder GCGCGGCACGGTCCTGGCTTCGCCCAAC 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 300bp 
o00250_R_300_F3_Primer_Ladder CGGGGAGTCGAAACACGGGTCGTCATAG 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 400bp 
o00251_R_400_F4_Primer_Ladder CCGGGTGCACCGCCGCGGGGAAGTGCGAG

TGC 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 500bp 
o00252_R_500_F5_Primer_Ladder GTCTTGCGCTTGCACGCCTTGC 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 750bp 
o00253_R_750_F6_Primer_Ladder GCGGCCCGGGGGCAGCGGGCCCGGCGCAT

AGAAGG 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 1000bp 
o00254_R_1000_F7_Primer_Ladder CGCTTGCCCGCACACTTCCAAAACAGGC 
o00247_F1_Primer_Ladder CCGCCGCTTTCCTTAACCACAAATCAGGC 1500bp 
o00255_R_1500_F8_Primer_Ladder TGCACCACTTCCCAGGACATAGGCGTGTG 

  
 
Primary Template Amplification (Figure S11) 
Genomic DNA SPCs were generated by lysing HEK-293T cells in acid guanidinium thiocyanate cell extraction 
buffer (GeneJet RNA Purification Kit, Thermo Fisher) and washing twice in PBS. Unless indicated otherwise, 
3µL of genomic DNA SPCs were provided as input for primary template amplification (ResolveDNA v2.0, 
BioSkryb Genomics). First, 1.68µL × L1,  0.12µL × L2, and 1.2µL × L3 reagents (buffer L123) were combined 
and 3µL of buffer L123 was added to SPCs and mixed at 1,400 RPM at RT for 20 minutes. Next, 5.4µL × R1, 
0.6µL × R2 reagents (buffer R12) and optionally 0.56µL of SYBR-Green were combined and 6µL of buffer R12 
was added to the reaction mixture and was mixed at 1,000 RPM at RT for 1 minute. A BioRad CFX 
Thermocycler was used with the following program optionally measuring SYBR-Green fluorescence every 30 
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s: 30oC for 105 min, 65oC for 3 min then stored at 4oC indefinitely.  
 
Supernatant from the reaction mixtures was removed carefully before washing the SPCs 4 times with wash 
buffer containing 10mM Tris-HCl pH 8 (Invitrogen), 0.1% Triton-X (Sigma Aldrich), and 10mM EDTA pH 8.0 
(Invitrogen). Where indicated, supernatant and extracted SPCs were run on a 1% (w/v%) agarose in TBE 
buffer.  
 
Amplicon data (Figure 3C-F) 
SPCs containing K562 (ATCC; CCL-243) and PBMC (ATCC; PCS-200-011) cells were generated separately 
before mixing at different ratios. PCR targets were selected based on a previous report of K562 mutations 
(REF), and primer sequences along with expected amplicon lengths are provided in Table S3 (Integrated DNA 
Technologies; standard desalting). Cell lysis and DNA denaturation were performed by treating SPCs with lysis 
buffer consisting of 400mM KOH, 10mM EDTA, 100mM DTT for 15 minutes, followed by five washes in 1M 
Tris-HCl with 0.1% Pluronic F-68 and five washes in Wash Buffer (10mM Tris-HCl pH 8.0, 0.1% v/v Pluronic 
F-68).  
​
​
 
200µL PCR reactions combined 60µL of packed SPCs, 1x Platinum SuperFi II PCR Master Mix (Thermo 
Fisher Scientific; 12368010), and 0.5µM of each primer. Targets were amplified with the following program:  
—---------------------—--------------------- 
98ºC for 30 seconds 
16 cycles of: 

98ºC for 20 seconds  
60ºC for 20 seconds 
72ºC for 1 minute 

72ºC for 5 minutes 
—---------------------—--------------------- 
Two variations of further SPC-contained amplicon library prep were performed to obtain intact or fragmented 
amplicon data. Intact amplicon barcoding results in amplicon end sequencing data, whereas fragmentation 
prior to barcoding provides full amplicon length coverage. Both types of libraries were sequenced using a 
MiSeq Nano 300-cycle kit (Illumina; 15036522). 
  
Intact amplicon barcoding and library prep: Following three SPC washes in Wash Buffer, amplicons were 
dA-tailed by combining 50µL of packed SPCs, 10µL of NEBuffer 2, 2µL of 10mM dATP, 6µL of Klenow 
fragment (NEB; M0212L), and 33µL of water, and incubating for 30 minutes at 37°C. Split and pool barcoding 
was performed using the commercially available Custom DNA Barcoding Module (Atrandi Biosciences; 
CKT-BARK4Q, User Guide DGPM02324192002). Four rounds of ligation-based combinatorial barcoding 
generated 244 barcode combinations, and the first barcode was used to encode sample information (plate 
Col1, Col2, and Col3 for 100% K562, 20:80 K562:PBMC, and 10:90 K562:PBMC, respectively). After 
barcoding, DNA was released from SPCs using the Release Reagent (Atrandi Biosciences; CRP-RR1), and 
purified with 0.8x SPRI beads. Amplicons bearing a fully assembled barcode were enriched using a primer 
targeting a region upstream of the fully assembled barcode (p7_PCR_ix2, Table S3) and the reverse primers 
used during the initial multiplex PCR. Fragmentation and second Illumina adapter ligation were performed as 
described in User Guide DGPM02323206001 (Atrandi Biosciences). A 100µL final indexing PCR was 
composed of 40µL purified DNA, 5 µM p7_PCR1_ix2, 5µM p5_PCR (Table S3), and 1x Platinum SuperFI II 
PCR Master Mix. PCR was performed with the program below and purified with 0.6x-0.8x SPRI beads:  
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—---------------------—--------------------- 
98ºC for 30 seconds 
16 cycles of: 

98ºC for 20 seconds  
60ºC for 30 seconds 
72ºC for 1 minute 

72ºC for 5 minutes 
—---------------------—---------------------​
Fragmented amplicon barcoding library prep: Following three SPC washes in Wash Buffer, amplicon 
fragmentation, end-prep and A-tailing were performed by combining on ice 50µl of packed SPCs, 20µl of 
NEBNext Ultra II FS Reaction Buffer, 5.72µl NEBNext Ultra II FS Enzyme Mix, 24.3µl of water, and incubating 
for 10 min at 37ºC followed by 30 min at 65ºC. Following 5 washes in Wash Buffer, further split and pool 
barcoding was performed using the Custom DNA Barcoding Module (Atrandi Biosciences; CKT-BARK4Q, User 
Guide DGPM02324192002) with a modification. Specifically, 2µl of 100 µM Ligation Adapter (composed of 
pre-annealed /5Phos/GATCGGAAGAGCGTCGTGTAGGGAAAGAGTG*T and /5AmMC6/GCTCTTCCGATCT; 
HPLC purification) were spiked in each of the 24 barcode A wells, i.e. columns 1-3 of the Barcode plate 
(Atrandi Biosciences; CRP-PLT1). After barcoding, DNA was released from SPCs using the Release Reagent, 
and purified with 0.8x SPRI beads, directly followed by a 100µL indexing PCR composed of 28µL purified DNA, 
5 µM p7_PCR1_ix1, 5µM p5_PCR (Table S3), and 1x Platinum SuperFI II PCR Master Mix. PCR followed the 
same program as for intact amplicons but for 20 cycles, followed by 0.6-0.8x SPRI clean-up. 
Supplemental Table 3: 
Oligo name Sequence 5’-> 3’ Expected amplicon length 
AKT3 forward TGGAGGCCAGTGTTGTAGGACA 2155bp 
AKT3 reverse CAGCTTGCGGCCAGGTTGGA 

BIRC6 forward TTTGGCCTTAGCGATTGGCA 892bp 
BIRC6 reverse TGTGGGACATGATGGCGCCTG 

FANCC forward AGAAGCATTCACGTTCCCTCA 731bp 
FANCC reverse ACCTCCCCAAAGTGCCCCCA 

BRCA1 forward GCCTCCCCAACTTAAGCCAT 460bp 
BRCA1 reverse AGCGCATGAATATGCCTGGT 

p7_PCR_x1 CAAGCAGAAGACGGCATACGAGAT
AACCTGGTGACTGGAGTTCAGACG
TGTGCTCT*T 

N/A 

p7_PCR_x2 CAAGCAGAAGACGGCATACGAGAT
CCAAGTGTGACTGGAGTTCAGACG
TGTGCTCT*T 

N/A 

p5_PCR AATGATACGGCGACCACCGAGATC
TACACTCTTTCCCTAC 
ACGA*C 

N/A 

 
Amplicon data analysis (Figure 3C-F) 
Raw sequencing reads were demultiplexed and aligned to hg38 as described in preprocessing (below). Cells 
with low coverage (read counts lower than 100) were removed. Variant calling was performed withGATK4 (46). 
Reads are grouped by cell labels and deduplication is run on each individual cell. Haplotype caller was used to 
generate GVCFs for each individual cell before joint calling. The default quality score threshold of 10 was used 
for filtering mutations.  
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Sequencing Data Preprocessing (Figure 3G-I, Fig. S13) 
Raw illumina bcl files were converted to fastq format using illumina bcl2fastq (version 2.20.0). A custom python 
script was used to extract the individual cell barcodes from read 2 and perform error correction of the 
barcodes, based upon a calculated maximum permissible Levenshtein distance given the combination of 
oligos used. Reads whose barcodes exceeded the maximum distance were discarded prior to alignment. 
Sequencing adapters were trimmed from reads using Trim Galore (version 0.6.10). Reads were then aligned to 
the reference genome using bwa-mem (version 0.7.17) (47). For the species mixing experiments, a hybrid 
human-mouse reference genome was created by concatenating HG38 and MM10, and the number of reads 
aligning to either the mouse or human genomes was computed for each cell. Barcodes associated with empty 
SPCs were differentiated from barcodes associated with occupied SPCs by ranking barcodes by number of 
associated reads and plotting aligned read counts per barcode. Next, a cutoff was either selected manually 
based upon the anticipated number of captured cells and the shape of the plot, or by algorithmically estimating 
the number of recovered cells based upon the known capture rate with sub-Poisson loading. Variant calling 
was performed with either bcftools call (for low coverage genome data) (48) or GATK haplotype caller (for 
higher coverage amplicon data) (46). For bulk WGS data, the -m flag was used for multiallelic calling and 
resulting bcf files were standardized using the bcftools norm command.  
 
Barnyard Whole Genome Amplification Experiment (Figure 3G-I, Fig. S13) 
SPCs were generated with the standard protocol by encapsulating a mixture of 125,000 NIH3T3 cells and 
125,000 HEK293T cells. After capsule polymerization, emulsion breaking and a wash in 1x PBS, capsules 
were suspended in 1000µL of ice-cold methanol and stored at -20C.  250µL of hard packed SPCs (500µL of a 
1:1 mixture of methanol and SPCs) were then transferred to a new 1.5-mL low-bind Eppendorf tube. These 
SPCs were first pelleted (2000g for 30 seconds in a cooled bench top centrifuge) and then the methanol was 
removed and replaced with 1 mL of Wash Buffer 2 (WB2: 10mM Tris/HCl pH 7.5, 0.1% Triton-X). This was 
followed by 4 more washes with WB2. After the 5th wash, SPCs were resuspended to a final volume of 1 mL in 
WB2 10µL of RNaseA (Thermo Scientific Scientific; R1253) was added to the SPCs and the SPCs were 
rotated end over end for 45 minutes at 37ºC. After incubation SPCs were spun down (2000g for 30 seconds) 
and the buffer was then replaced with Wash Buffer 1 (WB1: 10mM Tris/HCl pH 7.5, 0.1% Triton-X, 10mM 
EDTA). After 4 more washes in WB1, SPCs were resuspended in WB2 and washed 10 times. At this point 
modified MDA or PTA was performed on SPCs.  
 
Modified MDA: Using the Single-Microbe DNA Barcoding  Kit (Atrandi Biosciences; CKP-BARK1), SPCs were 
washed in 1 mL of 1x WB (Atrandi Biosciences; CRP-WB1). Then SPCs were resuspended in 1 mL of 1:1 
dilution of Lysis Buffer (Atrandi Biosciences; CRP-LB1) supplemented with 100µL of 1M DTT. These SPCs 
were incubated for 15 minutes at room temperature with end over end rotation to denature DNA. These SPCs 
were then pelleted, the supernatant was aspirated and the reaction was  neutralized with five 1-mL washes 
with buffer Neutralization Buffer (Atrandi Biosciences; CRP-NB1).  This was followed by five additional 1-mL 
washes in buffer WB. After the final wash the volume of SPCs was adjusted to 150µL with distilled water and 
the following components were added: 97.5µL nuclease free water, 37.5µL 10x WGA Reaction Buffer (Atrandi 
Biosciences; CRP-WGB1), 37.5µL dNTP mix (Atrandi Biosciences; CRP-DNTP1), 18.75µL of Primer Mix 
(Atrandi Biosciences; CRP-PRM1), 3.75µL of 0.1M DTT, 3.75µL 10% Pluronic F-68, and 7.5µL of WGA 
Enhancer (Atrandi Biosciences; CRP-WGE1). This mixture was then heated to 95ºC for 5 minutes on a 
thermomixer to allow primers to anneal and snap cooled on ice. After cooling 18.75µL of WGA polymerase 
(Atrandi Biosciences; CRP-WGP1) was added to the reaction mixture and allowed to incubate for 15 minutes 
at 45ºC on a thermomixer followed by an incubation at 65ºC for 10 minutes. After amplification, SPCs were 
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pelleted and washed 3x with 1 mL of WB.​
 
PTA: PTA was performed using the Bioskryb Resolve v2 kit (Bioskryb Genomics; PN 100545) following the 
manual TAS-073. SPCs were first washed 5x with 1x PBS. Followed by a wash with 1 volume of  Cell Wash 
Buffer (Bioskryb Genomics; PN 100002) – 40µL of closely packed SPCs was removed and added to 40µL of 
Cell wash buffer. This wash was performed a total of 3 times. After the final wash, SPCs were pelleted at 
2000g for 1 minute and excess supernatant was aspirated. Initial reaction was performed using 40µL of input 
SPC template with 6.72µL of L1 reagent (Bioskryb Genomics; PN 100522), 0.48µL L2 Reagent (Bioskryb 
Genomics; PN 100016), and 4.8µL L3 reagent (Bioskryb Genomics; PN 100523). This mixture was allowed to 
mix end-over-end for 20 minutes at room temperature. After incubation, 21.6µL of R1 (Bioskryb Genomics; PN 
100521) and 2.4µL of R2 (Bioskryb Genomics; PN 100527) were added and mixed before incubation in a 
thermocycler set to 30ºC for 2.5 hours followed by a 5 minute incubation at 65ºC.  After amplification SPCs 
were pelleted and washed 3x with 1 mL of WB. 
 
Combinatorial indexing: After washing WGA SPCs in WB, a small aliquot of SPCs was imaged to ensure DNA 
amplification. After a 30-minute end-prep reaction (Atrandi Biosciences; CRP-EPE1, CRP-EPB1), SPCs from 
the two WGA conditions were loaded into a distinct set of wells. For mMDA, Col1 (A-H) and Col2 (A-G) were 
used from the barcoding module (Atrandi Biosciences; CRP-PLT1) and Col2 (H) and Col3 (A-H) were used for 
PTA reactions (Atrandi Biosciences; CRP-PLT1). The SPCs were resuspended with 60μL of 10x Ligation 
Buffer (Atrandi Biosciences; CRP-LGB1) and 20µL of Ligation Enzyme (Atrandi Biosciences; CRP-LGE1) and 
brought to a final volume of 300µL with distilled water. Ligation was performed for 15 minutes at room 
temperature on a plate shaker. After ligation, 40µL of Stop Buffer (Atrandi Biosciences; CRP-SB1) was added 
to each well and the mixture was allowed to incubate for 5 minutes at room temperature. After ligation, SPCs 
were washed 5x with WB and resuspended in ligation mix again before redistribution to the next set of 
barcoding wells. This process was repeated for a total of 4 rounds. After the final ligation SPCs were stained 
with SYBR green (Thermo Fisher Scientific; S7563)  and fluorescent SPCs were counted on a hemocytometer. 
Fluorescent DNA signal was present in 70 SPCs/μL with a total SPC solution volume of 1500µL. This indicated 
that 105,000 SPCs containing amplified DNA were present at this point.  
 
Index PCR: 10µL of SPCs with an estimated 700 cells or 25µL of SPCs with an estimated 1,750 cells were 
removed from the pool and distilled water was added to each to bring the volume up to 50µL. To these 
solutions, 1µL of Release Reagent (Atrandi Biosciences; CRP-RR1) was added and the SPCs were allowed to 
incubate at room temperature for 5 minutes until fully released. Next 40µL of room temperature SPRI beads 
(Beckman Coulter; B23319) was added to the released SPC solution. The bound fraction was eluted in 27µL of 
distilled water and 1µL of the eluate was quantified using the Qubit High Sensitivity Assay kit (Thermo Fisher 
Scientific; Q32851). 7µL of 5x Fragmentase buffer (NEB; B0349) and 2µL of Fragmentase (NEB; M0348) were 
added to 26µL of eluted DNA on ice. Reaction was allowed to proceed for 10 minutes on a warmed 
thermocycler at 37ºC before incubation at 65ºC for 30 minutes. To this sample,  30µL of Ligation Master Mix 
(NEB; E7648) was added in addition to 1µL of Ligation Enhancer (NEB; E7374)  and 2.5µL of Ligation Adapter 
(Atrandi Biosciences; CRP-LGA1). This reaction was mixed and allowed to incubate at 20ºC for 15 minutes 
before a 0.8x SPRI cleanup was performed. The DNA was eluted in 40µL and added to a mastermix containing 
50µL of Q5 Ultra Master Mix (NEB; M0544), 10µL of primers (Atrandi Biosciences; CRT-PRM2) and 0.5µL of 
200x SYBR Green. PCR was performed with the following program:  
—---------------------—--------------------- 
98ºC for 45 seconds 
15 cycles of: 

98ºC for 20 seconds  
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54ºC for 30 seconds 
72ºC for 20 seconds 

72ºC for 2 minutes 
—---------------------—--------------------- 
Libraries were then cleaned up using a 2-sided SPRI cleanup (0.5x, 0.7x), quantified via Qubit High Sensitivity 
Assay and visualized on the Tapestation D1000HS (Agilent Technologies).  
 
Sequencing: These libraries were loaded on a P2 200 cycle NextSeq2000 kit (Illumina) at a loading 
concentration of 800 pM with the following read structure: Read1:82, Index1:10, Index2:10, Read2:107 without 
custom sequencing primers. 
  
Estimation of coverage uniformity and library complexity (Figure 3G-I, Fig. S13) 
GATK EstimateLibraryComplexity was used to estimate the number of unique molecules in the sequencing 
libraries. To compare coverage uniformity between amplification techniques, coverage track bigwig files with 
1-kilobase bins were generated using deepTools bamCoverage. A custom Python script was used to generate 
a Lorenz curve, depicting the distribution of read depth across regions of the genome for each cell. To account 
for regions lacking coverage, bins with zero coverage were excluded. Bins were sorted in ascending order by 
read depth, and the cumulative proportion of total reads across the bins was plotted against the cumulative 
proportion of bins. The Gini coefficient ( ), defined as  where 𝐴 is the area under the Lorenz curve, 𝐺 𝐺 = 1 − 2𝐴
was computed for each cell by approximating the area under the lorenz curve using the trapezoidal rule with 
NumPy's trapz function.  
 
POLE P286R editing (Figure 4) 
To generate K562 POLEP286R cells, we used CRISPR-Cas9 to generate a double-stranded DNA break around 
that locus and introduced a homology-directed repair (HDR) template carrying that specific amino acid 
substitution. For each experimental group, up to 5 x 106 cells were washed three times in cold DPBS (Gibco) 
and resuspended in supplemented SF solution (Lonza) at a concentration of 1 x 106 cells per 10µL. The cells 
were combined with 10μg of Cas9 (QB3 MacroLab), 5μg of sgRNA (IDT), 3.3μg of HDR template (IDT), and 
16.8pmol of electroporation enhancer (IDT). Nucleofection was performed using the 4D-Nucleofector X unit 
(Lonza) using the specified program for K562 cells. After nucleofection, cells were returned to pre-warmed 
media supplemented with 1µM Alt-R HDR Enhancer V2 (IDT).  
 
POLE P286R genotyping PCR (Figure 4, Figure S14) 
To quantify initial editing rates, we isolated gDNA, performed targeted PCR at the editing locus, sequenced the 
amplicons, and measured the percentage of reads with the specific nucleotide substitution encoding POLE 
P286R using CRISPResso2. gDNA was isolated either using the DNeasy Blood & Tissue kit (Qiagen) per the 
manufacturer’s protocol or lab-prepared lysis buffer containing proteinase-K [lysis buffer: 10mM Tris/HCl, 
0.05% SDS, 0.1mg/mL Proteinase-K (Thermo Fisher; EO0492)]. Pelleted cells were resuspended in lysis 
buffer for 2 hours at 37ºCbefore heat inactivation for 30 minutes at 80C. For gDNA isolated with the DNeasy 
Blood & Tissue kit, targeted amplification of the POLE editing locus was performed using the primers 
o00230_P286R_PCR_F and o00231_P286R_PCR_R. For gDNA isolated with lab-prepared lysis buffer, 
targeted amplification was performed using the primers o00312_PolE_P286R_genome_F and 
o00313_PolE_P286R_genome_R. Amplicons were PCR cleaned using either the QIAquick PCR Purification 
kit (Qiagen) or a 0.8x right sided SPRIselect (Beckman Coulter) bead cleanup. Purified amplicons were sent to 
Plasmidsaurus for premium PCR sequencing and quantified using CRISPResso2 in batch mode using the 
following parameters: 
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--batch_settings batch.bat 
--amplicon_seq 
ATGGGGAGTTTAGAGCTTGGCTTTATGCTTATTTTGTCCCCACAGGACCCTGTGGTTTTGGCATTTG
ACATTGAGACGACCAAACTGCCCCTCAAGTTTCCTGATGCTGAGACAGACCAGATTATGATGATTTC
CTACATGATCGATGGCCAGGTG 
-p 8 
-n nhej 
-g ATCTGGTCTGTCTCAGCATC 
-wc 0 
-w 5 

 
Oligo name Sequence 5’ → 3’ 
o00230_P286R_PCR_F GTTCAGGGAGGCCTAATGGG 
o00231_P286R_PCR_R CTAACAGTGGGGCAGATGCT 
o00312_PolE_P286R_genome_F GTGGGTGTTCAGGGAGGCCTAATGGG 
o00313_PolE_P286R_genome_R TTCACTCAACAAATACTAACAGTGGGGCAGATGC 

 
POLE P286R bulk whole genome sequencing (Figure 4B) 
Healthy and cycling K562 cells were nucleofected with CRISPR-Cas9 RNP on Day 0. Cells were counted on 
days 2, 4, 6, 8, 10, 12, and 14 and provided growth media to maintain a concentration of approximately 1,000 
cells perµL. On days 3, 6, 9, 12 and 15, genomic DNA from between 1.5 x 105 and 1 x 106 of cycling cells was 
collected by pelleting cells. Cell pellets were frozen and stored at -20ºCuntil they were processed further.  
 
All samples were thawed, resuspended in lysis buffer containing proteinase-K [Lysis buffer: 10mM Tris/HCl, 
0.05% SDS, 0.1mg/mL Proteinase-K (Thermo Fisher; EO0492)] for 2 hours at 37C. The buffer was then 
exchanged via a 1x SPRI cleanup (Beckman Coulter; B23319)  and the eluted DNA was quantified using the 
Qubit High Sensitivity kit. 100ng of each sample was then prepared for sequencing using the NEBNext® Ultra 
II FS library preparation kit (NEB; E7805) with a slight modification – each of the reaction volumes was 
reduced to a third of the recommended volume. During index PCR libraries were amplified for 10 cycles before 
pooling and sequencing. Libraries were sequenced on a NovaSeqX 300 cycle kit at a loading concentration of 
750pM.  
 
Hypermutator Cell Line Characterization (Figure 4B) 
A modified version (https://github.com/dustin-mullaney/mutyper_rare_variant) of the Mutyper python package 
(49) was used to quantify the number of SNPs and characterize their trinucleotide context in bulk and single 
cell genome datasets. In bulk samples, only sites with at least ten reads were considered, and they were only 
called as a SNP if at least two reads supported the alt allele. To compute the variant allele frequency and make 
comparisons between samples with uneven sequencing depth, scipy.stats (version 1.15.2) was used to 
downsample sites exceeding the depth threshold of ten reads with the hypergeometric distribution. Counts of 
mutations were normalized between experimental conditions by the total number of reads for each condition. 
Statistical analysis and linear regression was conducted with scipy.statsmodels (version 0.14.4). 
 
POLE P286R Clonal Bottlenecking (Figure 4C-G) 
Previous attempts to make single cell colonies of K562 cells resulted in cellular death. To get viable 
bottlenecked colonies approximately 1,000 edited K562 cells were plated via dilution into 2 round bottom 
(Thermo Scientific; 163320) 96 well plates with 100μL of growth media 1 day after transfection with the 
CRISPR Cas9 gRNA RNP. These colonies were monitored daily, and on Day 8 post transfection, six colonies 
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were moved to a new round bottom plate and split into two wells. Genomic DNA from one of the wells was 
used to assess the fidelity of editing at the POLE P286R allele. The other well was split in the following fashion 
(diagrammed in Figure 4C): On Day 9 the well was split 1:1 to a new well; on day 11 one of the day 9 wells 
was split 1:1 and so on. This pattern was repeated on days 13, 15, 17, and 19. Out of the six clones selected 3 
displayed editing at the locus. The wells from the chosen clone (Clone F5) were counted and encapsulated for 
scWGS in SPCs. The other clones were frozen in freezing media [90% FBS (v/v , 10% DMSO (v/v)] and stored 
in liquid nitrogen. 
 
Whole Genome Amplification and combinatorial indexing of clonally restricted K562s (Figure 4C-G, Fig. S15) 
Encapsulation: Six individual splits (see Figure 4C for reference) were encapsulated separately. Standard 
encapsulation procedure was followed using the 65µm SPC kit (Atrandi Biosciences; CKN-G11). Cells were 
counted and diluted to 1x 107 cells/mL and 1.5 x 105 (15µL) of cells was added to the working core solution. 
SPCs were collected, and polymerized. Emulsions were broken and capsules were dehydrated through the 
addition of 1 mL of 100% methanol and stored at -20ºC until further processing.  
 
SPC cell lysis: All spins were at 2000g for 30 seconds at 4ºC. First, SPCs were vortexed to break clumps and 
resuspend. 300µL of SPCs stored in methanol were then removed and moved to a new tube. SPCs were spun 
down and methanol was removed by aspiration.  SPCs were resuspended in 800µL ​​of freshly prepared lysis 
buffer [10 mM Tris/HCl, 0.05% SDS]. Lysis buffer was added in a dropwise manner with slight agitation to 
rehydrate. SPCs were then allowed to mix end over end for 2 minutes before an additional spin down and 
wash with another 800µL of  lysis buffer. SPCs were then spun down and the supernatant was aspirated. 
Additional 500µL of lysis buffer was added to each batch of SPCs along with 20µL of Proteinase K (Thermo 
Fisher Scientific; EO0492). This mixture was set on the thermomixer for 1 hour and proteins were allowed to 
digest at 37ľC with the shaker set to 1000 rpm. A 1-μL aliquot of each was stained with SYBR Green and 
imaged to check that the nucleus was sufficiently digested. After digestion, SPCs were pelleted, the 
supernatant was removed and the SPCs were washed washed 2x with 800µL of Wash Buffer 1 (WB1) [10mM 
Tris/HCl pH 7.5, 0.1% Triton-X, 10mM EDTA].  
 
Whole Genome Amplification: Resolve Whole Genome Amplification materials (Bioskryb Genomics; PN 
100545) PTA reagents were allowed to thaw at room temperature or on ice. Each batch of SPCs was washed 
2x using 1 mL of 1x PBS to remove EDTA residual from WB1. 50µL of closely packed SPCs were removed 
from each sample and 100µL of Cell wash buffer (Bioskryb Genomics; PN 100002) was used to wash each 
sample. This wash was repeated 2x for a total of 3 washes. After the final wash, the following mix was made: 
107.25µL L1 (Bioskryb Genomics; PN 100522), 7.8µL L2 (Bioskryb Genomics; PN 100016) and 78µL L3 
(Bioskryb Genomics; PN 100523). 30µL of this master mix was added to approximately 50µL of SPCs in each 
condition. This mixture was allowed to mix end-over-end for 20 minutes at room temperature. A scaled reaction 
master mix was made containing 351µL R1 (Bioskryb Genomics; PN 100521) and 39µL R2 (Bioskryb 
Genomics; PN 100527). After 20 minutes, 60µL of the reaction master mix was added to each tube of SPCs. 
SPCs were mixed on a thermomixer set at 37ºC and 1000 rpm for 2.5 hours and heat inactivated at 65ºC for 5 
minutes after amplification. All 6 samples were washed 5x in Wash Buffer 2 (WB2) [10mM  Tris/HCl pH 7.5, 
0.1% Triton-X].  
 
Fragmentation, and combinatorial indexing: Next using the FS II Ultra Fragmentation module, 30µL of SPCs 
were mixed with 8µL of NEB Next Ultra II Reaction Buffer (NEB; B0349)  and 2.26µL of NEB Next Ultra II FS 
Enzyme (NEB; M0348) and allowed to incubate with the following program: 37ºC for 7.5 minutes 
(fragmentation), followed by 65ºC for 30 minutes (A-tailing and end repair). SPCs were then washed 3x with 
Wash Buffer WB (Atrandi Biosciences; CRP-WB1) and combinatorial indexing was performed. Samples were 
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placed in specific wells of the first combinatorial indexing reaction as follows from the barcoding module 
(Atrandi Biosciences; CKT-BARK4Q) of the Single-Microbe DNA Barcoding kit (CKP-BARK1): P5:Col1 A-D; 
P4:Col1 E-H; P3:Col2 A-D; P2:Col2 E-H; P1:Col3 A-D and P0:Col3 E-H.  The SPCs were resuspended with 
10µL of 10x Ligation Buffer (Atrandi Biosciences; CRP-LGB1) and 3.33µL of Ligation Enzyme (Atrandi 
Biosciences; CRP-LGE1) and brought to a final volume of 50µL with distilled water. 10µL of SPC:ligation mix 
was added to each well of the barcoding reaction. Ligation was performed for 15 minutes at room temperature 
on a plate shaker. After ligation, Stop Buffer (Atrandi Biosciences; CRP-SB1) was added to each well and the 
reaction was allowed to incubate for 5 minutes at room temperature. After ligation, SPCs were washed 5x with 
Wash Buffer and resuspended in the ligation mix again before redistribution to the next set of barcoding wells. 
This process was repeated for a total of 4 rounds. After the final ligation SPCs were stained with SYBR green 
and fluorescent SPCs were counted on a hemocytometer. Fluorescent DNA signal was present in 33 DNA 
filled SPCs/μL of the sample.  
 
Index PCR: 33µL of SPCs corresponding to an estimated 1000 cell-containing SPCs were removed from the 
pool and distilled water was added to bring the volume up to 50µL. To this solution, 1µL of release agent 
(Atrandi Biosciences; CRP-RR1) was added and the SPCs were allowed to incubate at room temperature for 5 
minutes until fully released. Next, 40µL of room temperature SPRI beads (Beckman Coulter; B23319) was 
added to the released SPC solution. The bound fraction was eluted in 27µL of distilled water and 1µL of the 
reaction was quantified using the Qubit High Sensitivity Assay kit (Thermo Fisher Scientific; Q32851). 7µL of 
5x Fragmentase buffer (NEB; B0349) and 2µL of Fragmentase (NEB; M0348) were added to 26µL of eluted 
DNA on ice. Reaction was allowed to proceed for 9 minutes on a warmed thermocycler at 37ºC before 
incubation at 65ºCfor 30 minutes. To this sample,  30μL of Ligation Master Mix (NEB; E7648) was added in 
addition to 1µL of Ligation Enhancer (NEB; E7374)  and 2.5µL of Ligation Adapter (Atrandi Biosciences; 
CRP-LGA1). This reaction was mixed and allowed to incubate at 20ºC for 15 minutes before a 0.8x SPRI 
cleanup was performed. A second 0.8x SPRI cleanup was performed and DNA was eluted into 160µL of 
distilled water. This purified DNA was added to a mastermix containing 200µL Q5 Ultra Master Mix (NEB; 
M0544), 40µL of primers (Atrandi; CRT-PRM2) and 2µL of 200x SYBR Green. PCR was performed with the 
following program:  
—---------------------—--------------------- 
98ºC for 45 seconds 
15 cycles of: 

98ºC for 20 seconds  
54ºC for 30 seconds 
72ºC for 20 seconds 

72ºC for 2 minutes 
—---------------------—--------------------- 
Libraries were then cleaned up using a 2-sided SPRI cleanup (0.5x, 0.75x), quantified via Qubit High 
Sensitivity Assay and visualized on the Tapestation D1000HS (Agilent Technologies).  
 
Sequencing: These libraries were loaded on a P3 300 cycle NextSeq2000 kit (Illumina)  at a loading 
concentration of 750 pM with the following read structure: Read1:150, Index1:10, Index2:10, Read2:150 
without custom sequencing primers. 
 
Lineage Tracing (Figure 4C-G) 
Following demultiplexing and alignment, variants were called on both the bulked dataset and across all 
individual cells, compared to hg38. For downstream analysis, the resulting data was consolidated into an 
anndata object (50) with three layers, each indexed by cells (.obs_names) and variant sites (.var_names): the 
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primary layer contains a boolean matrix which indicates the presence or absence of any reads supporting the 
alternative allele at a given site, a second layer stores the read depth for each cell at each site, and the third 
layer stores the total number of reads supporting the alternative allele for each cell at each site. Any sites that 
were called as homozygous or heterozygous alt in the bulked dataset were considered to be K562 germline 
variants, and were removed from the anndata object, such that only de novo SNPs caused by POLE P286R 
were considered for lineage tracing. For grouped lineage tree construction, variants were aggregated within 
populations, and hamming distances were computed between each population to create a distance matrix. The 
unweighted pair group method with arithmetic mean (UPGMA) was used to construct a phylogenetic tree of the 
aggregated cells. For single cell lineage tracing, hamming distances were computed between pairings of 
individual cells by considering all sites that were observed in both cells (more than two reads in each) and the 
tree was constructed with the UPGMA algorithm. For both single cell and grouped lineage tracing, the 
hamming distances are normalized by the number of sites considered. 
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