
Abstract

There is increasing interest in leveraging tumor 
organoids for high-throughput drug screenings to in-
vestigate tumor biology and identify therapeutic leads. 
However, functional precision medicine platforms are 
limited by the difficulties of creating, scaling, and an-
alyzing physiological disease models. Most systems 
use manually seeded organoids and take advantage of 
destructive endpoint assays to rapidly characterize re-
sponse to treatment. These approaches fail to capture 
transitory changes and intra-sample heterogeneity that 
underlies much of the clinically observed resistance 
to therapy. We therefore developed bioprinted tumor 
organoids linked to real-time growth pattern quantita-
tion via high-speed live cell interferometry (HSLCI). 
We demonstrate that bioprinting gives rise to 3D or-
ganoid structures that preserve histology and gene 
expression. These are suitable for imaging with HSL-
CI, enabling accurate parallel mass measurements for 
thousands of bioprinted organoids. In drug screening 
experiments, HSLCI rapidly identifies organoids tran-
siently or persistently sensitive or resistant to specif-
ic therapies. We show that our approach can provide 
detailed, actionable information to guide rapid therapy 
selection.

Introduction

Functional approaches in precision cancer 
medicine entail exposing patient-derived tumor cells 
to therapeutic molecules to provide robust models for 
identifying drug candidates (compound screening) and 
to rapidly assess the potential efficacy of drugs for in-

dividual patients (therapy selection)1–8. While a small 
number of actionable mutations are known, the ma-
jority of patients have tumors that lack any currently 
actionable genomic alteration9. By directly measuring 
the effect of drugs on tissues or cells, functional preci-
sion medicine methods can inform on the therapeutic 
resistance and sensitivity landscape of tumors without 
requiring a priori full knowledge of the underlying mo-
lecular vulnerabilities10,11. 

Three-dimensional (3D) tumor organoids are 
promising models for precision cancer medicine that 
can be established rapidly and effectively from a va-
riety of cell types and tissue sources, and accurately 
mimic a patient’s response to therapy3–5,8,11,12. They are 
physiologically-relevant, personalized cancer models 
well suited for drug development and clinical applica-
tions13,14. We previously developed a screening plat-
form that takes advantage of patient-derived tumor 
organoids seeded in a mini-ring format to automate 
high-throughput drug testing, with results available 
within a week from surgery3,15,16. The key outstanding 
limitations to the broad adoption of organoid screen-
ing approaches remail the time-intensive and opera-
tor-to-operator susceptibility of the cell seeding steps 
and destructive, population-level approaches required 
to assay them17. 

To overcome these, we developed a novel or-
ganoid screening approach that combines bioprinting 
for automated cell seeding with high-speed live cell in-
terferometry (HSLCI) for non-invasive, label-free, real 
time monitoring. Bioprinting, a technique for precise, 
reproducible deposition of cells in bioinks onto sol-
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id supports, is rapidly gaining traction in cancer biol-
ogy18–22. Within the deposited bioink, embedded cells 
can interact with physiological microenvironment com-
ponents17. We monitor bioprinted organoids with HSL-
CI that uses quantitative phase imaging (QPI) in order 
to rapidly monitor changes in dry biomass and bio-
mass distribution of organoids over time23–27,27,28. QPI 
measurements of biomass changes allowed to distin-
guish drug-resistant from -sensitive cells in 2D cell cul-
ture models within hours of treatment23–25,27–30. More-
over, HSLCI-measured response profiles were found 
to match drug sensitivity observed in patient-derived 
xenograft (PDX) mouse models of breast cancer24.  
However, HSLCI has so far been applied exclusively 
to screening of cancer lines grown in 2D or single cell 
suspensions of excised PDX tumors23–27,27,28. Combin-
ing these two technologies, we demonstrate for the first 
time that bioprinted organoids deposited in uniform, flat 
layers of extracellular matrix are ideally suited for HSL-
CI imaging and enable real-time tracking of the growth 
patterns and drug responses of 3D organoids at a sin-
gle organoid resolution.

Results

Bioprinting enables seeding cells in conformations 
suitable for imaging applications. To address current 
limitations3,15,16 and facilitate non-invasive, label-free, 
real time imaging of 3D organoids by HSLCI, we op-

timized an automated cell printing protocol using an 
extrusion bioprinter. Our original platform takes advan-
tage of seeding cells in mini-rings of Matrigel around 
the rim of 96-well plates3,15,16 (Figure 1A). The empty 
center allows for implementation of liquid handlers and 
automation, facilitating media exchanges and addition 
of perturbagens3,15,16. We kept the empty center feature 
but altered our geometry to bioprint mini-squares of 
cells in Matrigel (Figure 1A). By positioning the sides 
of the square in the imaging path of the HSLCI, we can 
both sample a larger area as well prevent imaging arti-
facts due to uneven illumination at edges of the wells26 
(Figure 1A). Our bioprinting protocol entails suspend-
ing cells in a bioink consisting of a 3:4 ratio of medium 
and to Matrigel. This material is then transferred to a 
print cartridge, incubated at 17°C for 30 minutes, and 
bioprinted into each well at a pressure between 12 and 
15 kPa (Figure 1B).

 Using this protocol, standard prints on 
glass-bottom plates have a thickness of approximately 
200 µm (Figure 1B). The HSLCI platform uses a wave-
front sensing camera and a dynamic focus stabilization 
system to perform continuous, high-throughput quan-
titative phase imaging of biological samples, tracking 
their biomass changes over time23,24. When an object 
of interest is out of focus, phase information obtained 
with the interferometric camera cannot be assumed to 

Figure 1. Bioprinting 
thin layers of cells for 
HSLCI. (A) Schematic of 
wells with mini-rings (top) 
and mini-squares (bottom) 
relative to HSLCI imaging 
path (blue arrows). The 
top views (left) demon-
strate that transitioning 
from rings to squares in-
creases the amount of 
material in the imaging 
path of the interferome-
ter. The side views (right) 
show that organoids in the 
square geometry align to 
a single focal plane bet-
ter than organoids in a 
ring. (B) Plasma treatment 
of the well plate prior to 
printing optimizes hydro-
gel construct geometry. 
Bioprinting Matrigel onto 
untreated glass (left) gen-
erates thick (~200µm) 
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constructs. Whole well plasma treatment (middle) increases the hydrophilicity of all well surfaces causing the Matrigel to spread thin 
(~50µm) over the surface. Plasma treatment with a well mask facilitates the selective treatment of a desired region of the well (right) for 
constructs with a uniform thickness of approximately 75 µm. (C) Individual organoids can be tracked over time across imaging modalities. 
Five representative HSLCI images are traced to the imaging path across a brightfield image. (D) Cell viability of printed versus manually 
seeded MCF-7 cells in a Matrigel-based bioink. An ordinary one-way ANOVA was performed (p = 0.0605) with post-hoc Bonferroni’s mul-
tiple comparisons test used to compare all bioprinted conditions against the manually seeded control.
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maintain its direct relationship with the sample’s dry 
biomass26. Thus, by generating thin layers of Matrigel, 
we can have a large number of organoids in focus that 
can be quantitatively assessed at any given time. To 
generate thinner (<100 µm) constructs amenable to 
efficient HSLCI imaging, we increased the hydrophilic-
ity of the glass surface by oxygen plasma treatment47. 
We developed 3D masks composed of BioMed Amber 
Resin (FormLabs) to selectively functionalize the re-
gion of interest (Figure S1, see Materials and Meth-
ods). Bioprinting post-plasma treatment generated uni-
form mini-squares with organoids closely aligned on a 
single focal plane at (~70 µm) thickness (Figure 1B). 
We therefore proceeded to verify that thin, printed mini-
squares are amenable to massively parallel QPI by 
HSLCI (Figure 1C). Bioprinted organoids can be easily 
imaged by aligning the legs of the printed mini-square 
constructs with the HSLCI imaging path (Figure 1C). 

 Lastly, we verified if the printing parameters 

used altered cell viability by directly comparing MCF-7 
cells manually seeded according3,15,16 to cells printed 
through a 25G needle (260 µm inner diameter) using 
extrusion pressures ranging from 10 to 25 kPa. We did 
not observe any reduction in cell viability as measured 
by ATP release assay (Figure 1D). These results are 
consistent with the existing literature as reductions in 
cell viability are often associated with higher print pres-
sures (50-300 kPa) which are oftentimes used for ex-
truding more viscous materials48,49. Overall, we have 
optimized a protocol that generates bioprinted layers 
suitable for high-throughput HSLCI imaging without im-
pacting cell viability. By having a cell-free well center, 
the mini-squares retain automation compatibility that is 
crucial for robust downstream applications3,15,16,50,51.

Bioprinted tumor organoids maintain histological 
features of manually seeded organoids. Next, we 
directly compared the histology and immunohisto-
chemical profiles of bioprinted and hand-seeded or-
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Figure 2. Bioprinted 
cells and organoids 
retain the histopathol-
ogy of their manually 
seeded counterparts. 
H&E staining shows 
the development of 
multicellular organoids 
over time regardless of 
seeding method. The 
prevalence and size of 
multinuclear organoids 
increase with culture 
time. Ki-67/Caspase-3 
staining demonstrates 
that most cells remain 
in a proliferative state 
throughout culture time. 
While apoptotic cells 
were observed in or-
ganoids cultured for 72 
hours, the majority of 
cells show strong Ki-67 
positivity. All images are 
40X magnification and 
insets are 80X magni-
fication. Ki-67 is shown 
brown, and caspase-3 
in pink.
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ganoids generated from two breast cancer cell lines, 
BT-474 and MCF-7, with different molecular features 
and human epidermal growth factor receptor 2 (HER2) 
and estrogen receptor (ER) status52. We seeded cells 
as maxi-rings (100,000 cells/ring) to retain sufficient 
material for downstream characterization. Cells were 
either manually seeded into 24 well plates3,15,16 or in 
8-well plates at an extrusion pressure of 15 kPa. The 
bioprinted cells and resulting organoid structures are 
morphologically indistinguishable from the manually 
seeded counterparts as visible in brightfield images 

and H&E-stained sections taken 1, 24 and 72 hours 
after seeding (Figure 2). Both bioprinted and manual-
ly seeded samples grew in size over time. Bioprinting 
did not alter proliferation (Ki-67 staining) or apoptosis 
(cleaved caspase-3; Figure 2). Hormone receptor sta-
tus was unaltered as shown by IHC for HER2 (Figure 
S2) and ER (Figure S3). These results are in agree-
ment with literature reports of receptor status for both 
cell lines53–56. Overall, bioprinting did not influence his-
tologic features. 

Figure 3. Bioprinting does not alter the transcriptome of cells and organoids. (A) Distributions of total number of transcripts detected 
(above) and transcript abundances (below) measured as transcripts per million (TPM) organized into groups of deciles based on median 
abundance. (B) RNA abundances (log2 TPM) of manually seeded and bioprinted organoids at three different time points (t = 1, 24, and 72 
hours). Spearman′s ρ was assessed for each association. We found strong associations between RNA abundances derived from printed 
and manually seeded organoids for both cell lines. (C) Volcano plots of Mann-Whitney U-test results for MCF7 and BT474 organoids 
with unadjusted p-values (left) and false discovery rate (FDR) adjusted p-values (right) comparing the RNA abundances of transcripts 
between manually seeded and printed tumor organoids. Fold change of RNA transcripts were assessed and log2 transformed. No tran-
scripts were preferentially expressed based upon seeding method for organoids of either cell line (n = 0 out of 27,077 genes, q-value <0.1, 
Mann-Whitney U-test). (D) Median percent spliced in (PSI) of exon skipping isoforms were similarly distributed among MCF7 (left) and 
BT474 (right) derived organoids. Distribution of isoforms is consistent between manually seeded (blue) and bioprinted (red) organoids. 
PSI of 1 indicates that the isoform is exclusively an exon inclusion isoform, while a PSI of 0 indicates that the isoform is exclusively an 
exon skipping isoform.
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Bioprinted and manually seeded organoids are 
molecularly indistinguishable. To further support our 
findings that the bioprinting protocol we implemented 
has minimal impacts on the organoids, we also ana-
lyzed the transcriptome of manually seeded and bio-
printed cells 1, 24 and 72 hours post-seeding. We as-
sessed the distributions of 27,077 RNAs and clustered 
these into deciles based on their median abundance 
and found no significant difference in distribution be-
tween cell seeding approaches (Figure 3A). The over-
all transcriptomes of manually seeded and bioprinted 
organoids were extremely well-correlated (Figure 3B). 
Similarly, no individual transcripts differed significantly 
in RNA abundance in either cell line (0/27,077 genes, 
q <0.1, Mann-Whitney U-test; Figure 3C). 

 Transcript abundances can be unchanged, but 
variations in pre-mRNA alternative splicing events can 
induce functional changes57–59. We found that the den-
sity of exon-inclusion and exon-skipping isoforms was 
unchanged, with no individual fusion isoforms associ-
ated with the organoid printing method in either cell line 
(0/8,561, q <0.1, Mann-Whitney U-test; Figure 3E). 
Similarly, the number of fusion transcripts were not as-
sociated with seeding method (p = 0.17, Mann-Whit-
ney U-test), although with large numbers of singletons 
detected in only a small number of samples (Figure 
S4A). Finally, we considered RNA editing; again, we 
found no significant differences in the number of RNA 
editing sites between printed and manually developed 
tumor organoids (p = 0.48, Mann-Whitney U-test; Fig-
ure S4B). These findings demonstrate that our bio-
printing protocol does not significantly impact RNA ex-

pression, splicing, fusions, or editing sites on short or 
longer timescales, preserving their molecular profiles 
while introducing favorable features like reduced thick-
ness suitable for high-throughput imaging using HSL-
CI.

Trends in mass accumulation of bioprinted organ-
oids can be quantified by HSLCI with single organ-
oid resolution. The full organoid screening pipeline 
includes cell bioprinting (day 0), organoid establish-
ment (day 0-2), full media replacement (day 3, Figure 
4) followed by transfer to the HSLCI incubator. Within 6 
hours of media exchange, the plates are continuously 
imaged for the following 48-72 hours. At the end of the 
imaging period, we perform an endpoint ATP assay to 
assess cell viability (Figure 4).

 Using HSLCI-based imaging allowed real-time 
tracking of n=67 MCF-7 organoids in n=8 interpretable 
replicate wells (8.38/well) and n=101 BT-474 organoids 
in n=12 interpretable wells (8.42/well) 6 hours after 
treatment (Figure 5A). After 48 hours, the number of 
tracked organoids increased marginally for both MCF-
7 (n=89 organoids; n=8 wells; 11.13/well) and BT-474 
organoids (n=106 organoids; n=10 wells; 10.6/well) 
(Figure 5A). Over the entire imaging period, n=219 
MCF-7 and n=265 BT-474 organoids were tracked for 
at least six hours. The number of organoids tracked 
can be improved by using position-specific reference 
images during pre-processing, analyzing more fields of 
view within each well, and implementing different im-
age segmentation and tracking algorithms. 

 Next, we determined the mass of each organ-
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Day 5

Bioprinting

Day 0

Surgery/Tissue Processing

Day 1-2 Day 3

TreatmentOrganoid Growth ATP AssayHSLCI Imaging

Day 3-5
Figure 4. Bioprinted or-
ganoids HSLCI screening 
pipeline. Extrusion-based 
bioprinting is used to de-
posit single-layer Matrigel 
constructs into a 96-well 
plate. Organoid growth can 
be monitored through bright-
field imaging. After treat-
ment, the well plate is trans-
ferred to the high-speed live 
cell interferometer for phase 
imaging. Coherent light illu-
minates the bioprinted con-
struct and a phase image 
is obtained. Organoids are 
tracked up to three days us-
ing the interferometer and 
changes in organoid mass 
are measured to observe re-
sponse to treatment.
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oid by converting interferograms to phase shift images 
using the SID4 software development kit26. Organoid 
mass was calculated by integrating the phase shift over 
the organoid area and multiplying by the experimental-
ly determined specific refractive increment25,42–45. At the 
beginning of the imaging period, the average organoid 
mass was slightly larger for MCF-7 (2.0 ± 1.2 ng) than 
BT-474 organoids (1.6 ± 0.5 ng, Figure 5B). The dif-
ference persisted after 48 hours with MCF-7 organoids 
averaging 2.5 ± 1.9 ng and BT-474 organoids growing 
to 2.4 ± 1.0 ng. BT-474 cells grew at a rate of 1.01 ± 
3.13% per hour while MCF-7 organoids demonstrated 
slower average hourly growth rates (0.23 ± 2.92% per 
hour, Figure 5C). The growth rate of the 3D BT-474 
organoids is comparable to that observed after 6 hours 
in 2D culture (approximately 1.3%), while the MCF-7 
organoids showed a lower growth rate than previously 
reported 2D cultures (approximately 1.7%)29. We also 

observed a positive association between initial organ-
oid mass and growth rate (95% confidence interval of 
slope is 0.1040 to 0.2993), but only for MCF-7 organ-
oids (Figure S5).

 While the average parameters quantified above 
offer a population-wide picture of organoid behavior, 
the power of HSLCI imaging is its ability to quanti-
fy intra-sample heterogeneity. We identified several 
mechanisms by which organoids gained mass over 
time, including cell growth, cell division, and/or the ag-
gregation of multiple cells or small organoids (Figure 
5D-E, Supplementary Videos 1 & 2). We quantified 
the ratio of organoids that gained, lost, and maintained 
mass over 12, 24, and 48 hours (Figure S6, Table S1). 
In the absence of drug treatment, 1.9% of BT-474 or-
ganoids lost more than 10% of their initial mass and 
82.1% gained more than 10% of their initial mass over 

6

Figure 5. Bioprinted organoids can be tracked by HSLCI. (A) Total number of organoid tracks (left) and mean number of tracks per 
well (right) 6 hours (pale) and 48 hours (dark) after treatment for each cell line. The total number of organoid tracks across interpretable, 
replicate wells was 67 for MCF-7 organoids (n = 8), and 101 for BT-474 organoids (n = 12). At the 48-hour time-point the total number 
of tracks was 89 and 106 for MCF-7 (n = 8) and BT-474 (n = 10), respectively. (B) Mass distribution of tracked organoids 6h and 48h 
after treatment. Black bars represent the mean with error bars representing the standard deviation. (C) Hourly growth rate (percent mass 
change) of tracked MCF-7 (left) and BT-474 (right) organoids cultured in 1% DMSO. (D) Representative images of MCF-7 and BT-474 
organoids tracked with HSLCI. Brightfield images of organoids taken immediately before treatment are shown on the left. (E) Calculated 
mass of each representative organoid over time.
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48 hours. In contrast, only 37.1% of MCF-7 organoids 
gained mass and 20.2% lost mass. The heterogene-
ity in the organoid populations also becomes evident 
over time as 20.4% of MCF-7 organoids gained more 
than 10% mass within 12 hours. This proportion nearly 
doubles to 36.7% after 24 hours but remains consis-
tent with a marginal increase to 37.1% after 48 hours. 
This pattern differs from BT-474 organoids as the pop-
ulation of organoids that gained mass continually in-
creases over 48 hours. The proportion of organoids 
that gained >10% mass increases from 31.2% after 
12 hours, to 61.8% after 24 hours, and 82.1% after 48 
hours. Overall, our data confirms that HSLCI can be 
used to image tumor organoids in 3D, and to quantify 
both population- and single organoid-level characteris-
tics and heterogeneity.

Time-dependent differences in drug response of 
organoids can by quantified by HSCLI. We then 
tested the utility of our platform in detecting drug re-
sponses in high-throughput 3D screenings (Figure 
4). As proof-of-principle we tested staurosporine, a 
non-selective protein kinase inhibitor with broad cy-
totoxicity60, and lapatinib, a targeted small molecule 
tyrosine kinase inhibitor targeting EGFR and HER261. 
Drugs were tested at concentrations between 0.1 and 
50 µM. This range includes and extends beyond the 
maximum plasma concentration reported for lapatinib 
(4.2 μM)62. 

 Representative HSLCI images demonstrate a 
range of responses to treatment (Figure 6A). The av-
erage masses at 6 hours post-treatment are not sig-
nificantly different from the vehicle control (Figure 6B, 
Table S2). After 48 hours, we observed significant dif-
ferences in a number of treated samples (Table S2). 
Control MCF-7 organoids averaged 2.48 ± 1.89 ng, 
while those treated with 1 μM and 10 μM staurosporine 
showed significant reductions in average masses to 
1.33 ± 1.08 ng (p = 0.0121, Dunnett’s multiple compar-
isons test) and 1.26 ± 0.80 ng (p = 0.0086, Dunnett’s 
multiple comparisons test), respectively. 

 BT-474 organoids showed a similar pattern 
with control organoids averaging 2.36 ± 1.02 ng and 
staurosporine-treated organoids averaging 0.70 ± 0.26 
ng (1 μM, p < 0.0001, Dunnett’s multiple comparisons 
test) and 0.83 ± 0.72 ng (10 μM, p < 0.0001, Dunnett’s 
multiple comparisons test). The normalized growth 
curves rapidly show response to treatment with 1 μM 
staurosporine. After 12 hours, 33.3% of the tracked BT-
474 organoids lost mass compared to 3.2% in the con-
trol, with a 60% reduction in the number of organoids 
that increased in size (31.2% vs 19%, Figure 6C and 
S6, Table S1). 

 Responses to lapatinib distinctly showed cell 
type-specific trends. MCF-7 cells exhibited a significant 
reduction in average mass (from 2.48 ± 1.89 ng to 1.32 
± 1.06 ng, p = 0.0285, Dunnett’s multiple comparisons 
test) at 48h only when treated with 50 µM of lapatinib. 
Conversely, BT-474 were affected at concentrations as 
low as 1 µM (Figure 6B-C and S6, Table S2). Our 
analysis shows that 4.3% of all MCF-7 organoids con-
tinue to grow in the presence of 50 µM of lapatinib and 
an additional 43.5% maintained their mass after 48 
hours of treatment (Figure 6C, Figure S6, Table S1). 
BT-474 organoids show a dose-dependent response 
when treated with lapatinib, with concentrations of 0.1, 
1, 10 and 50 μM leading to 6.5%, 22.5%, 37.7%, and 
84.6% of all BT-474 organoids losing mass (vs 1.9% 
for controls, Figure 6C). The heightened sensitivity of 
BT-474 cells to lapatinib is expected given the higher 
expression of HER2 found in these cells52 (Figure S2).

 We consistently observed a fraction of organ-
oids that do not respond to treatment across all condi-
tions (Figure 6C, Figure S6, Table S1). For instance, 
a fraction of the MCF-7 organoids treated with 50 µM 
lapatinib on average grew at similar rates as vehi-
cle-treated cells after 36 h of treatment (Figure 6D). 
While overall more sensitive to lapatinib (Figure 6), we 
could also pinpoint individual BT-474 organoids that 
did not respond (white arrow, Figure 6A). Our findings 
are indicative of a resistant population of organoids 
that can be rapidly identified by HSLCI imaging.

 To validate the responses measured by HSL-
CI, we performed an endpoint ATP-release assay on 
the same plates used for HSLCI imaging to assess 
organoid viability after 72h of treatment (Figure 6E). 
The ATP assay confirmed that both cell lines are highly 
sensitive to staurosporine treatment with near-zero vi-
ability when treated with 1 and 10 µM concentrations. 
Additionally, BT-474 organoids show significant reduc-
tions in viability when treated with 0.1 µM lapatinib for 
72 hours (Table S3). Overall, the results of the cell via-
bility assay after 72 hours confirm the trends observed 
in as little as 12 hours by HSLCI.

Discussion

 Cancer therapy is increasingly moving towards 
treatments tailored to each patient’s unique and het-
erogeneous disease63,64. Molecular precision medi-
cine requires knowledge of the associations between 
molecular features and drug response1,65; however, 
in most instances these relationships have yet to be 
established66. Functional precision medicine bypasses 
the need to have prior knowledge of these associations 
while simultaneously generating data to identify them. 
The key limitations towards the broad adoption of 
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Figure 6. HSLCI enables high-throughput, longitudinal drug response profiling of 3D organoid models of cancer. (A) Represen-
tative images of organoids treated with 10 µM staurosporine, 10µM lapatinib, and 50µM lapatinib. The white arrow annotates a BT-474 
organoid that gains mass when treated with 10 µM lapatinib. (B) Mass of tracked MCF-7 and BT-474 organoids by treatment. The left 
bars and pale points represent organoid mass after 6 hours of treatment and the right bars and dark points represent organoid mass 
after 48 hours of treatment. (C) Scatterplots of normalized organoid pass over time. All organoid tracks for each treatment condition are 
shown on each plot. The mean normalized mass ± standard deviation is also shown in orange (MCF-7) and blue (BT-474). (D) Hourly 
growth rate comparisons (percent mass change) between organoids treated with 10µM staurosporine and vehicle, and 50µM lapatinib 
and vehicle. (E) Percent cell viability of treated wells determined by an ATP-release assay. p<0.05 is denoted by *, p<0.01 is denoted by 
**, and p<0.001 is denoted by ***.

B MCF-7

Vehicle 0.1 1 10 0.1 1 10 50

Staurosporine (μM) Lapatinib (μM)

A
M

C
F

-7
B

T
-4

74
6h 48h

Staurosporine 10 µM
6h 48h

Lapatinib 10 µM
6h 48h

Lapatinib 50 µM

D

BT-474

0

2

4

6
8

12
16

O
rg

an
oi

d 
M

as
s 

(n
g)

BT-474

0

2

4

6
8

12
16

O
rg

an
oi

d 
M

as
s 

(n
g)

Vehicle 0.1 1 10 0.1 1 10 50

Staurosporine (μM) Lapatinib (μM)

6h 48h

6h 48h

M
C

F
-7

0 6 12 18 24 30 36 42
-4%

-2%

0%

2%

4%

Time (h)

H
ou

rly
 G

ro
w

th
 R

at
e

Vehicle
10 µM Staurosporine

0 6 12 18 24 30 36 42
-4%

-2%

0%

2%

4%

Time (h)

H
ou

rly
 G

ro
w

th
 R

at
e

Vehicle
50 µM Lapatinib

0 6 12 18 24 30 36 42
-4%

-2%

0%

2%

4%

Time (h)

H
ou

rly
 G

ro
w

th
 R

at
e

Vehicle
10 µM Staurosporine

B
T

-4
74

0 6 12 18 24 30 36 42
-4%

-2%

0%

2%

4%

Time (h)

H
ou

rly
 G

ro
w

th
 R

at
e

Vehicle
50 µM Lapatinib

E

0

50

100

150

%
 C

el
l V

ia
bi

lit
y

0.1 1 10 0.1 1 10 50

Staurosporine (μM) Lapatinib (μM)

0 0

MCF-7

0.1 1 10 0.1 1 10 50

Staurosprine (μM) Lapatinib (μM)

0 0
0

50

100

150

%
 C

el
l V

ia
bi

lit
y

40 μm

* ** *

*** ****** *** ***

*** ****

*** ***
**

C

M
C

F
-7

B
T

-4
74

Vehicle Staurosporine (μM) Lapatinib (μM)

Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) Time (h)

Vehicle Staurosporine (μM) Lapatinib (μM)

Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) Time (h) Time (h)

0.1 1 10 0.1 1 10 50

0.1 1 10 0.1 1 10 50

N
or

m
al

iz
ed

 M
as

s
N

or
m

al
iz

ed
 M

as
s

0 10 20 30 40 50

0.0
0.5
1.0
1.5
2.0
2.5

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

0 10 20 30 40 50

0.0
0.5
1.0
1.5
2.0
2.5

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

0 1 2 3 4 5 6

Density (pg/µm2)

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 4, 2021. ; https://doi.org/10.1101/2021.10.03.462896doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.03.462896


functional precision medicine have been the creation 
of physiological organoid culture models, the devel-
opment of high-throughput systems, and the difficul-
ty in measuring organoid heterogeneity. Our pipeline 
surmounts each of these barriers by incorporating an 
array of robust 3D organoid cultures in a standardized 
well plate format that facilitates single-organoid analy-
sis of response to treatment.

 The broad adoption of functional precision 
medicine requires scalable, easy to analyze, physio-
logically relevant tumor models. We introduced bio-
printing to enhance the throughput and consistency 
of our previously published organoid models3,15,16. We 
opted to print a Matrigel-based bioink due to its ability 
to preserve tumor characteristics in vitro3; however, its 
weak mechanical integrity and its temperature-depen-
dent viscosity and crosslinking behavior limit its suit-
ability for bioprinting67. To circumvent these limitations, 
we found that incubating the material at 17°C for 30 
minutes yielded the most consistent mechanical prop-
erties for bioprinting (Figure 2). Our findings align with 
the existing consensus that consistent bioprinting with 
Matrigel is difficult to achieve, but simple, single-layer 
structures are attainable with strict temperature regu-
lation. We further enhanced the quality of the Matrigel 
deposition by selectively modifying the print substrate 
with oxygen plasma. The introduction of 3D plasma 
masks (Figure S1) facilitated the selective treatment 
of a square region in each well. The increased hydro-
philicity of the substrate in the exposed region guides 
the spreading of the material to ensure maximize con-
sistency in deposition volume and construct thickness 
while preventing obstruction of the center of the well. 
Bioprinting allowed us to finely control the size and 
shape of the deposited gel constructs, facilitating the 
use of HSLCI for downstream analysis.

 To our knowledge, this is the first reported use 
of live cell interferometry for time-resolved quantita-
tive analysis of 3D organoid cultures. Previous studies 
have used interferometry to quantify the mass of indi-
viduals cells cultured on 2D substrates to study cell di-
vision68, cytoskeletal remodeling69, mechanical proper-
ties70, and response to treatment23–25. Tomographic QPI 
has also been used to obtain high-resolution images of 
3D objects such as cerebral organoids71. The prima-
ry challenge of adapting live cell interferometry for the 
mass quantitation of 3D organoids is maintaining the 
organoids in a single focal plane. The mass of organ-
oids outside of the focal plane cannot be accurately 
calculated as phase information for out-of-focus planes 
is difficult to interpret26. We were able to circumvent 
this challenge by introducing bioprinting to generate 
uniform, thin constructs to maximize the number of or-

ganoids that could be tracked in parallel. Despite these 
efforts, the efficiency of imaging is relatively limited 
thus far with only approximately 20 (approximately 1%) 
organoids analyzed per well. These datasets are limit-
ed by the 6-hour delay between drug treatment and im-
aging, and it is possible that highly sensitive organoids 
undergo cell death prior to the start of tracking. The use 
of region-specific reference images in the unwrapping 
process may also increase the number of quantifiable 
organoids. Finally, we plan to further optimize our im-
age segmentation and organoid tracking algorithms to 
increase the number and continuity of organoid tracks.

 Despite the development of 3D cancer mod-
els with varying extents of complexity and scalability, 
functional screening assays have been hindered by 
their inability to consider the heterogeneity of tumor 
response. Genomic characterization of tumors has 
demonstrated that these malignancies are collections 
of evolutionarily-related subclones, rather than homo-
geneous72–75. This genetic diversity is one of the sev-
eral factors that contributes to differential response to 
treatment. Endpoint assays, such as live-dead staining 
or ATP-release quantification, characterize the aver-
age response to treatment. Though they may be useful 
for identifying drug sensitivity in majority cell popula-
tions, they fail to account for the response of resistant 
populations that may also be present. In the clinical 
setting, failure to treat the resistant populations may 
lead to initial response, followed by recurrence and 
long-term disease progression76–78. The power of HSL-
CI is its ability to non-invasively track various features 
of the organoids over time, including size, motility, and 
mass density. Because of the ability to quantitatively 
measure mass changes in response to treatment, it is 
possible to identify and isolate responsive, agnostic, 
and resistant subpopulations of cells which can lead to 
more informed clinical decision making when selecting 
the treatment approach28.
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Materials and Methods

2D Cell Culture

MCF-7 and BT-474 breast adenocarcinoma cell lines 
were obtained from the American Type Culture Col-
lection (ATCC). All cell lines were grown for a maxi-
mum of 10 passages in RPMI 1640 (Gibco 22400-089) 
supplemented with 10% fetal bovine serum (FBS, 
Gibco 16140-071) and 1% antibiotic-antimycotic (Gib-
co 15240-062). Both cell lines were authenticated by 
short tandem repeat profiling using the GenePrint 10 
kit (Laragen).

Manually Seeding 3D Organoids

Organoids were seeded manually according to our 
previously published protocols3,15,16. Briefly, single cells 
suspended in a 3:4 mixture of Mammocult (StemCell 
Technologies 05620) and Matrigel (Corning 354234) 
were deposited around the perimeter of the wells of ei-
ther 24-well or 96-well plates. The cell suspension was 
kept on ice throughout the seeding process to prevent 
gelation of the Matrigel. To seed organoids in a 96-well 
plate (Corning 3603), a pipette was used to distribute 
5µL of cell suspension (5×105 cells/mL) along the bot-
tom perimeter of each well; this “mini-ring” seeding 
geometry facilitated automatic changes of media and 
addition of drugs with a liquid handling system. Every 
eight wells, the cell suspension was briefly vortexed, 
and the pipette tip was exchanged. Once all mini-rings 
are generated, plates were incubated at 37°C and 
5% CO2 for 20 minutes to solidify the Matrigel, and 
100µL of pre-warmed Mammocult was added to the 
center of each well using an epMotion 96 liquid han-
dler (Eppendorf). To generate larger rings (maxi-rings) 
in 24-well plates (Corning 3527), 70µL of cell suspen-
sion (1.4×106 cells/mL) was deposited around the pe-
rimeter of each well. After every three wells, the cell 
suspension was vortexed, and the pipette tip was re-
placed. Following seeding, the plate was incubated at 
37°C and 5% CO2 for 45 minutes to solidify the Matri-
gel, and 1mL of pre-warmed Mammocult was added to 
the center of each well.

3D Printing Plasma Masks

Custom well masks were designed to meet the speci-
fications of the well plates that were used in these ex-

periments. The design was generated in Inventor 2020 
(Autodesk) and printed using a Form3B (FormLabs). 
We elected to use the Biomed Amber resin (FormLabs) 
to generate these constructs due to its biocompatibil-
ity and ability to be autoclaved. The design was ex-
ported as an STL file and imported into the PreForm 
(FormLabs) software to arrange the parts. After print-
ing, parts were post-processed in two washes of iso-
propanol, air-dried for at least 30 minutes, and cured 
for an additional 30 minutes at 70°C in the Form Cure 
(FormLabs). 

Bioprinting 3D Organoids

Cells were bioprinted using a CELLINK BioX with a 
Temperature-Controlled Printhead. Gcode files were 
written to print the desired single-layer geometry. We 
wrote standardized blocks of Gcode encode the print 
path for the repeated geometries. MATLAB (Math-
Works, Inc.) was used to integrate these standardized 
blocks into full Gcode files with the defined coordinates 
for each well. We used 8-well plates when printing the 
larger constructs as the depth of the well in a standard 
24-well plate prohibited the use of 0.5” length needles. 
Large rings were necessary to deposit a sufficient 
number of cells for RNA-Seq and IHC. Four rings with 
a diameter of 14.5mm were printed for RNA sequenc-
ing (approximately 200,000 cells total), while four sets 
of concentric 14.5mm, 12.5mm, and 10.5mm diame-
ter rings were used for IHC analysis (approximately 
500,000 cells total).  We printed mini-squares with side 
length 3.9mm for drug screening and HSLCI imaging. 
The mini-squares were inscribed within the circular well 
with sides parallel to the sides of the well plate. The 
open center of the constructs facilitates automatic ma-
nipulation with fluid handling equipment while the sides 
of the square are positioned to maximize the number of 
organoids imaged by HSLCI.  The bioprinting process 
utilized the same material deposited for manually seed-
ed organoids. A single cell suspension in a 3:4 mixture 
of Mammocult and Matrigel was prepared on ice. Af-
ter vortexing briefly to homogenize, the mixture was 
transferred into a 3mL syringe by removing the plunger 
and capping the opposite end. Once the plunger was 
replaced, the syringe was inverted, and bubbles were 
forced out of the tip. The material was then transferred 
to a room temperature 3mL bioprinter cartridge (CEL-
LINK) by connecting the syringe and cartridge with a 
double-sided female Luer lock adapter (CELLINK). 
Any air bubbles in the syringe were removed and the 
loaded cartridge was incubated in a rotating incubator 
(Enviro-Genie, Scientific Industries) for 30 minutes at 
the print temperature.

During the incubation period, the printer was sterilized 
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with the built-in UV irradiation function and the prin-
thead was set to the print temperature. During this 
time, we treated the 96-well plates with oxygen plasma 
to improve the hydrophilicity of the surface.  The well 
masks were autoclaved prior to use. The masks were 
inserted into the well plate and pressed in contact with 
the glass surface. Rubber bands were used to hold 
the masks in place and ensure conformal contact was 
maintained throughout the plasma treatment. The well 
plates were treated with oxygen plasma in a PE-25 
(Plasma Etch) for 30-90 seconds, 15 minutes prior to 
bioprinting. After plasma treatment, the well plate was 
placed in the bioprinter and Automatic Bed Levelling 
(ABL) was performed.

Once the incubation period ended, we attached a 0.5” 
25-gauge needle and loaded the cartridge into the pre-
cooled printhead. We primed the needle by extruding 
a small volume of material at 15kPa prior to calibrating 
the printer. Just before printing, we cleared the nee-
dle of the gelled material by extruding a small volume 
using 40 kPa prior to starting the print. To create con-
structs of the appropriate thicknesses, prints in 8-well 
plates were extruded at 15k Pa while prints in 96-well 
plates were extruded at 12-15 kPa. The bioprinter com-
pletes the deposition process for 96-well plates in ap-
proximately four minutes. After printing, the constructs 
were incubated at 37°C for at least 30 minutes to so-
lidify the matrix and 100μL of Mammocult medium was 
then added.

Assessment of Viability After Bioprinting

The viability of manually seeded and bioprinted or-
ganoids was compared using an ATP assay. Manually 
seeded organoids were prepared in accordance with 
the protocol described above and published3,15,16. 
To assess the viability of bioprinted organoids, we pre-
pared the bioink and bioprinter as described. Instead of 
printing the bioink into a well plate, we extruded 100 µL 
of bioink into and Eppendorf tube for each print pres-
sure (10, 15, 20, and 25 kPa). We seeded four 10µL 
rings in a 96-well plate using the extruded bioink. We 
then added 50 µL of 5 mg/mL Dispase (Life Technolo-
gies 17105-041) solution to each well and incubated 
for 25 minutes. After shaking for 5 minutes on an orbital 
shaker at 80 RPM, we added 75µL of CellTiter-Glo® 
Luminescent Cell Viability Reagent (Promega G968B) 
to each well and followed the manufacturer’s instruc-
tions. Luminescent readings were taken on a Spectra-
Max iD3 (Molecular Devices) plate reader. The viability 
of each well was calculated by normalizing the lumi-
nescent signal to the average signal from the manual-
ly seeded control wells. An ordinary one-way ANOVA 
with post-hoc Bonferroni’s multiple comparisons test 

was performed in GraphPad Prism.

Immunohistochemistry

Immunohistochemical staining was performed on man-
ually seeded and bioprinted organoids seeded in 24 
or 8-well plates, respectively. A detailed procedure has 
been published independently15. The samples were 
prepared for histological analysis by carefully aspirat-
ing all media from the well without disrupting the con-
struct and washing with pre-warmed PBS. The PBS 
was added dropwise to the center of the well to avoid 
delamination and fragmentation. After aspirating all re-
maining liquid from the well, we added 10% buffered 
formalin (VWR 89370-094) and followed by incubat-
ing at 37°C. After the 5-minute incubation, the plates 
were transferred to ice for 30 minutes before storage 
in a 4°C refrigerator until collection. The fixed organ-
oids were harvested within 3 days using a pipette tip 
to scrape the surface of the wells, the organoids were 
subsequently transferred to a conical tube. The organ-
oids were pelleted by centrifugation at 2000xg for 5 
minutes and the supernatant was aspirated; this pro-
cess was repeated twice to remove as much liquid as 
possible. HistoGel (Thermo Scientific HG-40000-012) 
was then added to the pellet. Cells were mixed with 
the HistoGel by briefly vortexing before placing on ice 
to solidify. Cassettes were labeled and 5µL of HistoGel 
was used to coat a region of the bottom surface. Once 
solidified, the cell pellet in HistoGel was placed in the 
cassette and an additional 4µL of HistoGel was added 
to the top of the pellet for stability. We wrapped cas-
settes in parafilm and chilled them on ice for 3 minutes 
before unwrapping and immersing in 70% ethanol. The 
cassettes were then sent to the UCLA Translational 
Pathology Core Laboratory (TPCL) for dehydration 
and paraffin embedding. After embedding, 8µm thin 
sections were cut from the paraffin block.

Slides were baked for 20 minutes at 45 °C and de-paraf-
finized in xylene followed by washes in ethanol and de-
ionized water. For H&E staining, a Hematoxylin and Eo-
sin Stain Kit (Vector Labs H-3502) was used according 
to the manufacturer’s protocol. For Ki-67/Caspase-3, 
HER2, and ER staining, Peroxidazed-1 (Biocare Med-
ical PX968M) was applied for 5 minutes at room tem-
perature to block endogenous peroxidases. Next, an-
tigen retrieval was performed by immersing slides in 
Diva Decloaker (Biocare Medical DV2004LX) using 
an NxGEN Decloaking Chamber (Biocare Medical) to 
heat to 110 °C for 15 min. An additional 2-minute per-
oxidase blocking step was implemented after antigen 
retrieval in the Ki-67/Caspase-3 protocol. Blocking was 
performed at RT for 5 min with Background Punisher 
(Biocare Medical BP947H). Primary Ki-67/Caspase-3 
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staining was performed overnight with pre-diluted Ki-
67/Caspase-3 (Biocare Medical PPM240DSAA) solu-
tion at 4°C, and secondary staining was performed 
with Mach 2 Double Stain 2 (Biocare) solution for 40 
minutes at room temperature. Primary antibodies for 
HER2 (Novus Biologicals, CL0269) and ER (Abcam, 
E115) staining were diluted 1:100 in Da Vinci Green 
Diluent (Biocare Medical PD900L). The HER2 antibody 
was incubated overnight at 4°C while the ER antibody 
was incubated at room temperature for 30 minutes. 
Secondary staining was performed with Mach 3 Mouse 
Probe and Mach 3 Mouse HRP-Polymer for HER2 and 
Mach 3 Rabbit Probe and Mach 3 Rabbit HRP-Polymer 
for ER, all secondary staining steps were 10 minutes. 
Chromogen development was performed with Betazoid 
DAB (Biocare Medical, BDB2004) and the reaction 
was quenched with deionized water. Counterstaining 
was performed with 20% Hematoxylin (Thermo Scien-
tific #7221) for 7.5 minutes. Slides were dehydrated in 
a sequence of ethanol and xylene baths before cov-
er slips were applied with Permount (Fisher Scientific 
SP15-100). Imaging was performed with a Revolve mi-
croscope (Echo Laboratories). White balancing of the 
images was performed in Adobe Photoshop.

Sample Preparation for RNA Sequencing

Organoids were released from the Matrigel in prepa-
ration for whole transcriptome sequencing (RNA-Seq). 
After aspirating the media from each ring, 1 ml of cold 
Dispase was added per ring. After a 20-minute incu-
bation at 37°C, the cell suspension was collected and 
pelleted by centrifugation at 1500xg for 5 minutes and 
washed with 45 ml of PBS before centrifuging again at 
2000xg for an additional 5 minutes. Once all liquid was 
aspirated, the tubes were rapidly frozen and stored 
at -80°C. Frozen cell pellets (approx. 200’000 cells) 
were then transferred to the Technology Center for 
Genomics & Bioinformatics (TCGB) at UCLA for RNA 
sequencing. Sequencing was performed in one lane of 
the NovaSeq SP (Illumina) using the 2 x 150 bp paired-
end protocol.

RNA Sequencing Data Processing and Analysis

FASTQ files were processed using the UCLA-CDS 
pipeline that includes pipeline-align-RNA v6.2.2, pipe-
line-quantitate-RNA v2.0.1, pipeline-quantitate-Spli-
ceIsoform v2.0.6, pipeline-call-RNAEditingSite v5.0.0, 
pipeline-call-FusionTranscript v1.1.0. Pipeline-align-
RNA v6.2.2 used a combination of FASTQC v0.11.9, 
fastp v0.20.1, STAR v2.7.6a, HISAT2 v2.2.131–33, Pipe-
linequantitate-RNA used kallisto v0.46.0, samtools 
v1.10, rsem 1.3.334,35. Pipeline-quantitate-SpliceIso-
forms used rmats v4.1.036. Pipeline-call-RNAEditing-
Site used REDItools2 v1.0.037. Pipeline-call-Fusion-

Transcripts used STAR-Fusion v1.9.1, fusioncatcher 
v1.33, Arriba v2.1.038–40.

Samples with low transcript abundance (TPM <0.1; 
transcripts per million) were excluded resulting in 
27,077/67,060 transcripts included in the analysis. 
We excluded splice isoforms with missing data in 5 or 
more samples (8,561 out of 17,449) due to low power. 
RNA editing sites were filtered to include adenosine to 
inosine events with sufficient coverage (q30 >10) and 
frequencies above 0.9. Poly-A depleted RNA included 
annotated microRNAs (miRNA), while poly-A enriched 
RNA included coding mRNAs. Raw and processed 
data will be made available in GEO.

We used a Mann-Whitney U-test to compare the dis-
tributions of RNA abundances, number of transcript 
fusions, and editing sites between bioprinted and man-
ually seeded tumor organoids. We adjusted for multiple 
comparison using the false discovery rate (FDR) meth-
od. FDR values (q < 0.1) was the criteria for strong 
associations. Statistical analyses and data visualiza-
tion were performed in the R statistical environment 
(v4.0.2) using the BPG41 (v6.0.1) package.

High-Speed Live Cell Interferometer

HSLCI has been described previously23,24. The HSLCI 
platform is a custom-built inverted optical microscope 
coupled to an off-axis quadriwave lateral shearing in-
terferometry (QWLSI) camera (SID4BIO, Phasics, 
Inc.)26, motorized stages (Thorlabs) holding a single, 
standard-footprint (128×85 mm), glass-bottom multi-
well plate, and a piezo-actuated dynamic focus stabi-
lization system that enables continuous and repeated 
image collection over many fields of view (FOVs) with-
in the sample area. All of the platform’s hardware and 
software components are available commercially.

The HSLCI platform was installed inside a standard 
cell culture incubator. For all growth kinetics studies 
and drug screening, organoids were imaged in 96-well 
glass-bottom plates (Cellvis P96-1.5H-N) using a 40× 
objective (Nikon, NA 0.75). Organoids were seeded 
as single-cell suspensions in a 3:4 mixture of Mam-
mocult and Matrigel as described above and were 
grown at 37 °C and 5% CO2 in Mammocult medium 
supplemented with 1% antibiotic-antimycotic (Gibco 
15240-062). Plates were wrapped in with parafilm to 
limit evaporation and placed in the interferometer. The 
typical imaging interval was 10 minutes between suc-
cessive frames at the same FOV.

Drug Screening

All drug treatments of 3D organoids were performed 
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in serum-free conditions in Mammocult medium sup-
plemented with 1% antibiotic-antimycotic (Gibco 
15240-062). A detailed protocol for the drug screening 
has been published previously3,15. Briefly, the culture 
medium was fully removed three days after seeding 
and replaced with 100 µL of Mammocult medium con-
taining the indicated treatments using an automated 
pipetting system (EpMotion® 96). After treatment, we 
transferred the organoids to the HSLCI for imaging. 
Organoids were imaged by HSLCI between 6 and 48 
hours after treatment. After imaging, we performed 
an ATP assay to assess cell viability in accordance 
with the manufacturer’s instructions. The media was 
aspirated from each well and replaced with 50µL of 
5 mg/mL Dispase (Thermo-Fisher) solution to digest 
the Matrigel. After a 25-minute incubation at 37°C, the 
plate was placed on an orbital shaker for 5 minutes 
at 80 RPM. We then added 30 µL of CellTiter-Glo® 
reagent (Promega), sealed the plate with film, covered 
the plate with foil to protect from light, shook the plate 
for 5 minutes at 80 RPM, and incubated at room tem-
perature for an additional 20 minutes. We used a Spec-
traMax iD3 plate reader to measure luminescence. The 
program parameters for luminescence readings were 5 
minutes of shaking prior to reading, reading all wave-
lengths, and integrating signal over 500ms. Organoid 
viability within each well was calculated by dividing the 
luminescent signal from each well by the mean lumi-
nescence of the control (1% DMSO) wells. Two-tailed 
independent t-tests were performed to assess the sta-
tistical significance of the differences in organoid mass 
and cell viability. P-values less than 0.05 were deemed 
significant.

HSLCI Data Analysis

Image processing and data analysis were performed 
on a downstream computer using a custom, multi-step 
MATLAB pipeline. First, interferograms captured by 
the SID4Bio QWLSI camera on one leg of the squares 
were converted to phase shift images using the SID4 
software development kit for MATLAB (Phasics). Next, 
phase images are segmented into individual cells or 
organoids using a combination of a Gaussian lowpass 
filter and a watershed transform. Mass is extracted 
from the segmented area of each object by integrating 
the phase shift over that area and then multiplying by 
the experimentally determined specific refractive incre-
ment of 1.8×10-4 m3/kg 25,42–45. Finally, objects identified 
by image segmentation were tracked over time using 
a particle tracking code originally developed by John 
Crocker and David Grier for IDL46, and subsequently 
adapted for MATLAB by Daniel Blair and Eric Dufres-
ne. 

To ensure quality of hourly growth rates recorded, data 
were filtered such that only biomass tracks with a 75th 
percentile of mass of 350pg and only segments of bio-
mass tracks (mass vs. time) exhibiting sufficiently low 
local variability were included. The minimum mass fil-
ter ensures that our data does not include organoids 
that are already dead at the start of tracking. Variabil-
ity was assessed by calculating the standard devi-
ation of normalized mass changes within a bin of 11 
mass versus time data points. The maximum allowed 
standard deviations were 2.8% and 3.6% for MCF-7 
and BT-474, respectively. This accounts for the noise 
introduced by cell debris or out-of-focus objects and 
excludes portions of tracks if they are interrupted by 
debris or move out of focus. Furthermore, segments of 
mass versus time tracks with high local variability were 
fit to a sigmoidal filter and those with a goodness-of-fit 
better than a user-defined threshold were kept, to in-
clude tracks corresponding to cells that start alive and 
in focus and die over the duration of tracking.
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Supplementary Video 1. MCF-7 organoids treated with the vehicle control. Scan the QR code to access the video or visualize at the 
following link: https://youtu.be/bUBq-ZChFM0

Supplementary Video 2. BT-474 organoids treated with the vehicle control. Scan the QR code to access the video or visualize at the 
following link: https://youtu.be/AzSc8WW5KBA

Supplementary Videos
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Table S1. Proportions of organoids that gained, lost, and maintained mass by treatment condition. (A) Proportions of MCF-7 organoids. 
(B) Proportions of BT-474 organoids. Data is plotted in Figure S6.
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A 
  6 hours 48 hours 

MCF-7 Mean mass ± SD p-value Mean mass ± SD p-value 

Vehicle 1% DMSO 2.07 ± 1.25  2.48 ± 1.89  

Staurosporine 

0.1 μM 1.71 ± 0.92 0.6638 1.68 ± 1.05 0.1375 

1 μM 1.77 ± 1.34 0.8949 1.33 ± 1.08 0.0121 

10 μM 1.63 ± 0.83 0.3653 1.26 ± 0.80 0.0086 

Lapatinib 

0.1 μM 2.00 ± 1.46 0.9997 2.76 ± 2.39 0.9713 

1 μM 2.20 ± 1.36 0.9978 2.71 ± 2.12 0.9887 

10 μM 2.30 ± 1.51 0.9439 2.46 ± 1.93 >0.9999 

50 μM 1.71 ± 0.86 0.8748 1.32 ± 1.06 0.0285 
 

B 
  6 hours 48 hours 

BT-474 Mean mass ± SD p-value Mean mass ± SD p-value 

Vehicle 1% DMSO 1.62 ± 0.57  2.36 ± 1.02  

Staurosporine 

0.1 μM 1.63 ± 0.85 0.9999 2.12 ± 1.06 0.4334 

1 μM 1.38 ± 0.49 0.7766 0.70 ± 0.26 <0.0001 

10 μM 1.46 ± 0.72 0.9412 0.83 ± 0.72 <0.0001 

Lapatinib 

0.1 μM 1.84 ± 1.21 0.5339 2.33 ± 1.58 0.9998 

1 μM 1.58 ± 0.78 0.9997 1.48 ± 0.66 <0.0001 

10 μM 1.74 ± 0.88 0.9476 1.42 ± 0.75 <0.0001 

50 μM 1.58 ± 0.70 0.9997 0.92 ± 0.48 <0.0001 
 
  

Table S2. Means, standard deviations, and p-values from independent, two-tailed t-tests. In all figures, p<0.05 is denoted by *, p<0.01 is 
denoted by **, and p<0.001 is denoted by ***. (A) Comparisons of mean mass of MCF-7 organoids calculated via HSLCI. P-values are 
calculated by comparing each experimental condition (n=8 staurosporine, n=3 lapatinib) to the vehicle control (n=12) at the respective 
time point. Data is presented in Figure 6B. (B) Comparisons of mean mass of BT-474 organoids calculated via HSLCI. The p-values are 
calculated by comparing each experimental condition (n=7 staurosporine, n=6 lapatinib) to the vehicle control (n=12) at the respective 
time point. Data is presented in Figure 6B. (C) Comparisons of cell viability measured by ATP assay. Data is presented in Figure 6E.
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  MCF-7 BT-474 

  Viability ± SD p-value Viability ± SD p-value 

Vehicle 1% DMSO 1.00 ± 0.21  1.00 ± 0.20  

Staurosporine 

0.1 μM 0.50 ± 0.08 <0.0001 0.58 ± 0.14 0.0002 

1 μM 0.17 ± 0.04 <0.0001 0.02 ± 0.01 <0.0001 

10 μM 0.13 ± 0.03 <0.0001 0.01 ± 0.00 <0.0001 

Lapatinib 

0.1 μM 1.00 ± 0.03 0.9452 0.70 ± 0.18 0.0113 

1 μM 1.01 ± 0.04 0.8598 0.43 ± 0.09 <0.0001 

10 μM 0.66 ± 0.07 0.0018 0.32 ± 0.04 <0.0001 

50 μM 0.14 ± 0.03 <0.0001 0.09 ± 0.07 <0.0001 
 
 
Table S3: Organoid viability analysis by endpoint ATP assay. Comparisons of cell viability 
measured by ATP assay. P-values calculated by unpaired t-test with Welch’s correction. Data is 
presented in Figure 6E. 

Table S3. Organoid viability analysis by endpoint ATP assay. Comparisons of cell viability measured by ATP assay. P-values calculated 
by unpaired t-test with Welch’s correction. Data is presented in Figure 6E.
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Figure S1. Schematics of well mask. (A) Side view. (B) Bottom view. (C) Plasma masks inserted into 96-well plate viewed from bottom.

Supplementary Figures
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Figure S2. HER2 expression in BT-474 and MCF-7 organoids. Immunohistochemistry staining of 3D cultures for HER2. BT-474 cells 
have amplified HER2 expression53,56 while MCF-7 cells express lower levels of HER2 and lack HER2 amplification53–55.
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Figure S3. Estrogen Receptor Expression in BT-474 and MCF-7 organoids. Immunohistochemistry staining of 3D cultures for ER. Both 
BT-474 and MCF-7 cell lines are ER-positive53–56.
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Figure S4. RNA Fusions and Editing Sites. (A) Number of RNA fusions detected by FusionCatcher by tumor organoid seeding method. 
The number of RNA fusions did not significantly differ between manually seeded and bioprinted organoids (pBT-474 = 0.179, pMCF-7 = 0.179). 
(B) The number of adenosine-to-inosine (A-to-I) RNA editing sites detected by REDItools were not associated with tumor organoid devel-
opment method (p = 0.48, Mann-Whitney U-test). By cell line, the number of A-to-I RNA editing sites did not differ between printed and 
manually seeded organoids (pBT-474 = 0.1, pMCF-7 = 0.7).
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Figure S5. Specific growth rate correlates to initial organoid mass. Specific growth rate (growth in mass as a percentage of total mass) 
versus initial organoid mass was plotted for all organoids tracked. Linear regression analysis showed a significant positive relationship 
between initial organoid mass and specific growth rate for MCF=7 organoids (95% confidence interval of slope is 0.1040 to 0.2993), but 
not for BT-474 organoids (95% CI of slope -0.041 to 0.2363).
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Figure S6. Categorization of organoid mass change. Pie charts displaying the proportion of organoids that had gained mass (mass in-
crease by >10%), remained stable (mass change <10%), or lost mass (mass loss of >10%) after 12, 24, and 48 hours.
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