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C A N C E R

CytoPAN—Portable cellular analyses for rapid  
point-of-care cancer diagnosis
Jouha Min1*, Lip Ket Chin1,2*, Juhyun Oh1, Christian Landeros1,3, Claudio Vinegoni1, 
Jeeyeon Lee4, Soo Jung Lee5, Jee Young Park6, Ai-Qun Liu2, Cesar M. Castro1,7, Hakho Lee1,8†, 
Hyungsoon Im1,8†, Ralph Weissleder1,8,9†

Rapid, automated, point-of-care cellular diagnosis of cancer remains difficult in remote settings due to lack of 
specialists and medical infrastructure. To address the need for same-day diagnosis, we developed an automated 
image cytometry system (CytoPAN) that allows rapid breast cancer diagnosis of scant cellular specimens obtained 
by fine needle aspiration (FNA) of palpable mass lesions. The system is devoid of moving parts for stable opera-
tions, harnesses optimized antibody kits for multiplexed analysis, and offers a user-friendly interface with auto-
mated analysis for rapid diagnoses. Through extensive optimization and validation using cell lines and mouse 
models, we established breast cancer diagnosis and receptor subtyping in 1 hour using as few as 50 harvested 
cells. In a prospective patient cohort study (n = 68), we showed that the diagnostic accuracy was 100% for cancer 
detection and the receptor subtyping accuracy was 96% for human epidermal growth factor receptor 2 and 93% 
for hormonal receptors (ER/PR), two key biomarkers associated with breast cancer. A combination of FNA and 
CytoPAN offers faster, less invasive cancer diagnoses than the current standard (core biopsy and histopathology). 
This approach should enable the ability to more rapidly diagnose breast cancer in global and remote settings.

INTRODUCTION
The global cancer burden has risen to 18.1 million new cases in 2018 
and is projected to reach 29.5 million new cases by 2040 (1, 2). In 
2018, there were 9.6 million cancer deaths, making cancer the cause 
of death for 1 in 8 men and 1 in 11 women. More than two-thirds of 
cancer deaths occur in low- and middle-income countries (LMICs). 
These numbers have been steadily increasing due to population growth, 
aging, and viral infections (such as HIV, human papillomavirus, 
and hepatitis). However, these increases are also due to shifting social 
and economic development (3, 4). For example, in rapidly growing 
economies, there is a shift from cancers related to poverty and 
infections to cancers associated with lifestyles typically found in in-
dustrialized countries. Furthermore, in sub-Saharan African countries 
with successful HIV therapies, cancer incidence is rising (5–7).

Efficient screening and early cancer detection programs using 
mammography are commonplace in developed countries. Further-
more, biomarker analyses in serum (liquid biopsies) are emerging, 
and genomic biomarker analyses are beginning to be implemented 
for cancer diagnostics. In LMICs, however, a cancer diagnosis often 
occurs after advanced symptoms, for example, palpable mass lesions, 
weight loss, and malaise. It is not uncommon for biopsy diagnoses 

to take several months, given the lack of surgeons, interventional-
ists, and pathologists, bottlenecks in specimen acquisition, complex 
handling logistics, and other factors (8). For example, in 2017, only 
a quarter of low-income countries reported having generally avail-
able public sector pathology services (9). All of this may lead to de-
layed diagnoses, missed treatment options, and increased mortality 
rates.

For women with suspicion of breast cancer, preoperative assessment 
of focal lesions in the breasts is crucial in the planning of further 
therapeutic management. Pathology information includes the pres-
ence of estrogen receptors (ERs) and progesterone receptors (PRs), 
human epidermal growth factor receptor 2 (HER2) status, presence 
of invasion, histological type, and tumor grade. For example, treat-
ment of women with nonmetastatic, ER-positive disease with 
tamoxifen, or aromatase inhibitors decreases cancer recurrence and 
mortality (10). In LMICs, tamoxifen is commonly included on national 
essential medicine lists (11). The generic drug is readily available at a 
low cost, and, in some countries, it is available free of charge (12). 
Nevertheless, the benefits of this drug cannot be realized without 
knowledge of hormone receptor status.

To address the above problems of delayed diagnoses, we and 
others have been interested in devising automated, rapid, portable, 
and affordable diagnostic and profiling technologies. Some previous 
developments have harnessed innovations in micro–nuclear magnetic 
resonance (NMR) (13), electrochemical sensing (14), nanoplasmonic 
sensing (15, 16), and holography (17, 18). Other research teams 
have developed biosensors and analytical technologies for point-of-
care (POC) applications, leveraging electrical, optical, calorimetric, 
and electrochemical transducer systems (19–26).

Although these earlier systems can perform diagnoses in an op-
timized laboratory setting, field testing in LMICs has revealed several 
additional prerequisites for successful cancer diagnosis. These include 
the growing realization that technologies should (i) produce actionable 
results within a day (and ideally within 1 to 2 hours) to minimize 
loss of patient follow-up, (ii) use cellular rather than tissue specimens 
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to avoid lengthy embedding and staining procedures, (iii) profile a 
large number of cells for multiple markers, (iv) automate readouts 
to avoid bottlenecks in specialist interpretation, (v) incorporate 
self-calibration and quality controls, and (vi) be accompanied by 
prepackaged lyophilized kits containing all necessary reagents for 
onsite sample processing outside of specialty labs.

Here, we report the development and validation of an affordable 
image cytometry system that allows automated and same-day 
molecular analyses of fine needle aspiration (FNA) specimens. Termed 
CytoPAN, for portable fluorescence-based image cytometry analyzer, 
the system performs multichannel imaging for cancer diagnosis 
and subtyping. A set of images is then analyzed via custom-developed 
algorithms for fast, accurate, and automated cellular profiling without 
user input. We designed the system to allow multiplexed detection 
in five different channels, prepared lyophilized kits containing rele-
vant antibodies, and optimized assays for the molecular analysis of 
breast cancer in cell lines and mouse models. After these discovery 
efforts and mouse co-clinical trials, we applied the system to a human 
validation cohort. This cohort included 68 patients who underwent 
preoperative FNA of breast lesions and subsequent surgery with 
pathological workup as the gold standard.

RESULTS
Overall design criteria and analysis procedure
The CytoPAN system is designed to comply with the "ASSURED” 
(affordable, sensitive, specific, user-friendly, rapid and robust, equipment- 
free, and deliverable to end users) criteria outlined by the World 
Health Organization for evaluating POC devices for resource-limited 
environments (27, 28). Figure 1 highlights the overall workflow of 
CytoPAN analyses. First, cells are collected through minimally 
invasive FNAs and immunostained against multiple biomarkers of 
interest using lyophilized immunostaining kits containing the rele-
vant antibodies. The lyophilized kits are essential to deploy the ap-
proach in resource limited settings without access to refrigeration. 
In a typical clinical setting, each single needle pass (20 to 22 gauge) 
provides about 102 to 105 cells, depending on technique and type of 
lesion (29). The stained cells are mounted in a designated area of a 
glass substrate and imaged by the CytoPAN device. A custom- 
developed automatic analysis algorithm is then applied for cell seg-
mentation, expression level thresholding, and cellular analysis, and 
the end results are displayed on the user interface. The FNA-CytoPAN 
diagnostic procedure is completed within an hour, substantially 
faster than the core biopsy and histopathology (fig. S1) and considerably 
shorter than the median turnaround time of 160 days in some 
resource-constrained regions (30).

To identify breast cancer cells, we used a quad-marker signature 
(Quad) to identify cancer cells, as well as CD45 and size to identify 
host cells. The Quad signature includes epithelial cell adhesion molecule 
(EpCAM), epidermal growth factor receptor (EGFR), mucin-1 
(MUC1), and HER2. This marker combination has been shown to 
effectively differentiate cancer from host cells (13, 31, 32). We ob-
served a good correlation between expected and measured cancer 
cell counts in mixtures of cancer and immune cells (T or B cells) 
with varying cell proportions (Pearson correlation coefficient r = 0.95, 
P = 0.0042; fig. S2). The detected malignant cells were subsequently 
classified into four subtypes based on ER, PR, and HER2 status: 
luminal HER2 negative (ER/PR)+(HER2)−, luminal HER2 positive 
(ER/PR)+(HER2)+, HER2 positive (ER/PR)−(HER2)+, and triple 

negative (ER/PR)−(HER2)− (fig. S3). Such classification is clinically 
important because it can guide choosing the most appropriate treat-
ment (33). For example, ER/PR-positive patients would benefit from 
therapy with selective ER modulator (such as tamoxifen), antiestrogen 
(such as fulvestrant), or aromatase inhibitors. Similarly, HER2- 
positive patients would benefit from anti-HER2 treatment (such as 
trastuzumab).

Assay optimization
Field testing requires a simple assay protocol. We thus optimized 
assays to satisfy the following criteria: (i) few steps for labeling and 
washing, (ii) fast (within 1 hour), and (iii) high signal-to-background 
ratios. We specifically tested different fixation, permeabilization, 
blocking, staining, and washing conditions. As a model system, we 
used established breast cancer cell lines, namely, BT474 (ER/PR)+ 
(HER2)+ and MCF7 (ER/PR)+(HER2)− as receptor-positive cell types 
and MDA-MB-231 (ER/PR)−(HER2)− as a receptor-negative, namely, 
triple-negative breast cancer (TNBC) cell type.

We first surveyed the fixation method for FNA specimens. 
Among various fixatives available (for example, BD Lyse/Fix, alco-
hol, and paraformaldehyde), the ideal fixative for clinical FNA sam-
ples should (i) fix the cells, (ii) lyse red blood cells (RBCs), and (iii) 
preserve antigens during sample transfer to laboratories (from a few 
hours up to a day at room temperature). Considering these factors, 
we chose CytoRich Red (CRR), a fixative commonly used in cy-
tology. CRR is a formalin-based fixative solution that lyses RBCs 
and solubilizes proteins. We identified the optimal fixation protocol 

Fig. 1. Schematic of the CytoPAN workflow. Step 1: Cellular samples are obtained 
from patients with breast cancer via fine needle aspiration. Step 2: The harvested 
cells are briefly fixed and semipermeabilized. Step 3: Samples are processed with 
prefabricated lyophilized kits containing all necessary antibodies for breast cancer 
diagnosis, including ER, PR, HER2, and Quad. Step 4: The stained cells are analyzed 
by the CytoPAN device. Step 5: For fast and automated data analysis, custom- 
developed algorithms are applied to identify cancer cells, separate them from host 
cells, and extract their marker information. Step 6: A final diagnostic report displays 
a set of quantitative information, including the cancer cell population and molecu-
lar subtype distribution in a patient sample. Depending on initial results, a repeat 
biopsy could be taken within an hour should the sample be nondiagnostic. Step 1 
is adapted from National Cancer Institute (https://visualsonline.cancer.gov/details.
cfm?imageid=1973).
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to be 15-min incubation in CRR, which showed high signals and 
sensitivity comparable to paraformaldehyde-based fixation (fig. S4). 
After 1 day of storage at room temperature, FNA specimens in CRR 
solution still had/demonstrated high signal-to-background ratios. 
By contrast, longer fixation with paraformaldehyde at room tem-
perature tends to increase cellular autofluorescence (34, 35). After 
fixation, cells were permeabilized to enable the detection of intra-
cellular proteins (ER/PR). The use of Triton X-100 for permeabiliza-
tion after fixation is common, but we found it excessively harsh on 
cell membranes to the extent of lowering HER2 and Quad signals 
(fig. S5). A milder permeabilization method with saponin-based 
buffer (BD perm) showed better signal-to-noise ratios for both 
membrane (Quad and HER2) and intracellular proteins (ER/PR).

Next, we optimized sample preparation and immunostaining 
time (Fig. 2A). A direct staining method, which requires only one 
labeling step, was preferable because of its simplicity, but intracellular 
protein (ER/PR) signals were low with this method (fig. S6). Instead, 
we chose a primary/secondary labeling approach and tested varying 
incubation/washing times. We used a cocktail of antibodies for pri-
mary and secondary immunostaining to further reduce assay time 

and determine optimal antibody concentrations. Among several 
conditions tested, the finalized protocol consisted of permeabilization 
(10 min), blocking (10 min), primary antibody staining (20 min) 
followed by 1-min washing, and secondary antibody staining (10 min) 
followed by 1-min washing. This procedure (condition no. 4 in 
Fig. 2A) showed the highest signal-to-noise ratio and high sensitivity 
for both HER2 and ER/PR while maintaining assay times under 
1 hour (Fig. 2B).

Last, to test the assay under more stringent environmental con-
ditions, such as those found in many LMICs, we lyophilized antibody 
cocktails and tested different storage conditions (−20°, 4°, and 
20°C). We observed overall signal decrease (~25%) when lyo-
philized antibodies were used; this could be attributed to the physical 
loss of antibodies from the buffer exchange step and/or conforma-
tional changes from shearing during the freeze-drying step (36). To 
compensate for the signal loss, we increased the initial amount of 
antibodies by 25%, which restored analytical signals to levels 
comparable with those from fresh nonlyophilized antibodies 
(Fig. 2C). The lyophilized antibodies could be stored at different 
temperatures (−20°C for long-term storage and 4° or 20°C 

for short-term storage) without nota-
ble proteolytic degradation (Fig. 2D and 
fig. S7).

System design and performance
We designed the CytoPAN device 
hardware to offer a compact, cost-effective 
system for multiplexed cellular analysis 
(Fig. 3A). The device was equipped with 
multiple light sources for five optical 
channels: bright-field and four fluores-
cence imaging (excitation wavelengths 
at 365, 405, 488, and 638 nm). We used 
a white light-emitting diode (LED) for 
bright-field flood illumination, an LED 
(365 nm) and laser diodes (405, 488, 
and 638 nm) for fluorescence excitation 
(table S1). Key components of the design 
included excitation light sources posi-
tioned on the sample plane for side illu-
mination and a quad bandpass filter. In 
this configuration, the excitation light 
did not directly illuminate an image 
sensor, eliminating the need for exci-
tation filters or dichroic mirrors and 
therefore reducing the space outline. 
Furthermore, the single quad bandpass 
filter blocked excitation light but trans-
mitted emission light through four band-
pass wavelength zones. This eliminated 
the use of multiple filter sets with mecha-
nical actuation and improved operational 
efficiency and system stability. The rela-
tive fluorophore contributions between 
channels were measured to characterize 
bleed-through and cross talk (fig. S8). 
On the basis of the measured values, we 
performed a mathematical correction 
of signal overlap between channels to 
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Fig. 2. Assay optimization. (A) Different assay protocols were tested to determine which optimally satisfies all of the 
following criteria: (i) fast (less than 1 hour), (ii) simple (few steps for labeling and washing), (iii) detects signals above 
threshold values, and (iv) high sensitivity. P, permeabilization; B, blocking; W, washing; 1°, primary antibody staining; 
2°, secondary antibody staining. (B) Among the eight protocols tested, we identified no. 4 as the best, showing high 
signal and sensitivity for both intracellular and surface target markers while maintaining the assay time below 1 hour. 
a.u., arbitrary units; Pos/neg, positive/negative. (C) We compared the performance of lyophilized antibodies, with 
(lyophilized enhanced) or without (lyophilized as is) adjusting the antibody concentrations by 20 to 30%, to that of 
the fresh nonlyophilized ones (references). (D) Stability of lyophilized antibody cocktails stored at different tempera-
tures (−20°, 4°, and 20°C) was assessed over different periods of time. All data were displayed as means ± SD (n = 3). 
Dotted lines indicate reference value.
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minimize false-positive signals. Our results showed that this correc-
tion accurately reflected true biomarker signals (fig. S8) and was similar 
to the corrections implemented on most commercial cytometers.

Images were recorded by a monochrome image sensor (5 megapixels, 
pixel size of 3.45 m) with a field of view of 1.2 mm by 1.4 mm. The 
system used a Hall sensor to detect a small magnet embedded in the 
sample holder; this magnetic interlock assisted in sample position-
ing and prevented from reading of “slides” without samples present. 
We programmed a microcontroller to synchronize imaging opera-
tions by sequentially turning light sources on and off and triggering 
image acquisition (Fig. 3B). All five-channel images were automatically 
acquired within 30 s and transferred to a computer for analysis. We 
also developed a graphical interface to guide end users for system 
calibration, imaging, and analysis (Fig. 3C and fig. S9). The simple, 
intuitive user interface would facilitate user learning and efficient 
system operation. The system had a small form factor (20 cm by 
20 cm by 28 cm), and component costs were about $3500 (table S2). 
Component costs could decrease to ~$1500 through economies of 
scale and substituting for lower-cost alternative components.

We next benchmarked the CytoPAN device against a conventional 
(~$200,000) upright fluorescence microscope (Olympus BX63 
equipped with an Andor Neo camera). We used fluorescence cali-
bration beads (6 m in diameter) and the triple-positive cell line 
(BT474) for system characterization. The CytoPAN produced high- 
quality images with high signal-to-noise and signal-to-background 
ratios highly comparable to those acquired by the commercial 
microscope (Fig. 3D and fig. S10). The fluorescence signal of individual 
cells measured by the CytoPAN and the conventional microscope 
showed good correlations for all channels tested (P < 0.0001; Fig. 3D). 
To evaluate the reproducibility of the CytoPAN system, we also imaged 
the stained BT474 cells over different days. The normalized intensi-
ties had an interdaily coefficient of variation of <3% (fig. S10C).

Figure 3E shows the automated workflow of CytoPAN analysis: 
(i) Five-channel images are acquired; (ii) bright-field and 
4′,6- diamidino- 2-phenylindole (DAPI) images are used for cell seg-
mentation; (iii) malignant cells are identified on the basis of the 
Quad signals; (iv) subtypes are color-coded on the basis of ER/PR 
and HER expressions; and (v) reported end results include quantitative 

Fig. 3. CytoPAN device and data analysis. (A) Schematic of the CytoPAN system, which consists of light sources, an optical imaging module, and a customized sample 
holder with a Hall sensor as a positioning switch. (B) The light sources and Hall effect sensor are controlled by a microcontroller, which, along with an imaging sensor, is 
universal serial bus (USB)–connected to a personal computer. (C) A software package was developed to check the system calibration and status, control the light sources 
and imaging sensor, and monitor and analyze data. A user-friendly interface was designed for fast user learning and seamless system operation. (D) Measurements of 
DAPI, HER2, and ER/PR signals of BT474 cells showed good correlations between the CytoPAN and a conventional microscope (r = 0.77, P < 0.0001 for DAPI; r = 0.78, 
P < 0.0001 for HER2; r = 0.90, P < 0.0001 for ER/PR). Scale bar, 100 m. (E) Automated data analysis workflow: (i) capture five-channel images; (ii) use bright-field and DAPI 
images for cell segmentation; (iii) among detected cells, identify malignant cells based on Quad signals; (iv) color-code cancer subtypes based on ER/PR and HER positivity; 
and (v) display a final diagnostic report. The data acquisition/analysis process takes only 4 min. Scale bar, 200 m.
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readouts of malignant cell counts and cell proportions among sub-
types. The analysis of ~103 cells is completed within 2 min, and a 
final diagnostic report is displayed on the interface.

Assay validation
We next applied CytoPAN to profile a panel of breast cancer cell lines 
that have different molecular phenotypes: MCF7 and T47D, (ER/PR)+ 

(HER2)−; BT474, (ER/PR)+(HER2)+; SkBr3 and HCC1954, (ER/PR)− 
(HER2)+; MDA-MB-231 and HCC1937, (ER/PR)−(HER2)−. Cells 
were fluorescently labeled with DAPI (365-nm channel) or for Quad 
(405 nm), HER2 (488 nm), and ER/PR (638 nm); control samples 
were labeled with isotype-matched immunoglobulin G (IgG) anti-
bodies. The cutoff levels for marker positivity were set as a mean 
intensity of +2 × SD of control IgG samples. The scatter plots 
(Fig. 4A) show successfully identified cellular subtypes. As expected, 
the triple-positive cell line (BT474) showed positive signals for both 
ER/PR and HER2 expressions, whereas the triple-negative cell line 
(MDA-MB-231) showed negative signals. In the case of MCF7, ER/
PR signals were high, whereas HER2 signals were dominant in 
HCC1954. The CytoPAN results were also consistent with those 
obtained by flow cytometry; the proportion of each cell type posi-
tive for markers was well matched between two systems (fig. S11). 
We also observed excellent correlations (r > 0.97) between the mean 
signals of target markers, highlighting the accuracy of the CytoPAN 
system (Fig. 4B). The more compact CytoPAN, however, excelled in 
accessibility: It required much smaller sample volumes than a con-
ventional flow cytometer and enabled portable operation.

Analyzing mouse models of breast cancer
We next set out to analyze FNA samples obtained from mouse xe-
nografts. These studies were performed to optimize and validate the 

cutoff values for marker positivity and confirm that repeat biopsies 
resulted in congruent data. Mice typically underwent two to five 
FNA passes when tumors had grown to about 5 to 7 mm in diameter 
(Fig. 5A). We used four cell lines that represent the spectrum of 
human breast cancer subtypes: MCF7, BT474, HCC1954, and 
MDA-MB-231 (Fig. 5B). The average number of cells obtained 
from a single 22-gauge needle pass is modest (~104 cells on average) 
but sufficient to perform the CytoPAN assay. Cells were immuno-
stained against the five target markers, and their fluorescence sig-
nals were recorded by the CytoPAN system (Fig. 5C). For each FNA 
sample, we determined total cell counts, cell size, and marker-positive 
cell counts (Fig. 5D). The results showed that (i) FNA can be ob-
tained in small mouse tumors, yielding a sufficient number of cells 
for analysis; (ii) harvested cells included both cancer cells and host 
cells, which could be differentiated by marker and size analysis; (iii) 
FNA allowed correct molecular subtyping of breast cancers; and (iv) 
repeat FNA on different days resulted in similar diagnoses, which 
demonstrated the reproducibility of measurements (Fig. 5E). 
Furthermore, the automated CytoPAN was able to complete the 
multiplexed analysis of hundreds of cells within minutes without the 
need for high-end computing power, and the results matched well 
with flow cytometry reports when more cells were harvested for the 
latter (fig. S12).

Clinical testing in FNA
To determine the clinical utility of the approach, we next conducted 
a prospective clinical study in which the FNA could be directly 
compared to conventional pathology results. We enrolled treatment- 
native patients at the Kyungpook National University Chilgok Hospital 
(Daegu, South Korea) and who were referred for primary surgery. 
All patients consented to have a preoperative breast FNA before 
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performed at the 95% confidence level.
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clinically indicated surgery. The breast masses were visualized by 
ultrasound or computed tomography, and a coaxial needle was 
introduced through which FNA samples (CytoPAN) and core 
biopsies were obtained. Surgical specimens and/or core biopsies 
were processed by routine pathology and served as the gold standard. 
All samples were processed in a blinded format until the end of the 
study. All samples were processed as described above for the mouse 
co-clinical trial and using the previously established algorithm and 
cutoffs (Fig. 6A and fig. S13). Of the 68 patients enrolled, we found 
sufficient numbers of harvested cells in 63 patients (93%). The re-
maining five samples (7%) were deemed nondiagnostic because 
they contained <50 cells. The algorithm further determined tumor/
host cell composition by (i) Quad marker positivity, (ii) cell size 
(cutoff diameter of ~8 m), and (iii) CD45 staining as illustrated in 
Fig. 6A and fig. S14.

Figure 6B shows representative examples of analyses obtained 
from five representative patients, four with different types of breast 
cancer and one with a benign mass. As can be seen, results obtained 
by FNA-CytoPAN yield cell numbers in the thousands and allow 
automated scoring of host and cancer cell population. Furthermore, 
image analysis on single cells allows rapid receptor typing leading to 
percentage and categorical diagnoses. For example, patient no. 58 
was diagnosed as benign, whereas patient nos. 20, 25, 5, and 37 had 
invasive breast cancer with high Quad expression. Patient no. 20 
showed high ER/PR (99%) but low HER2 (1%) expression, whereas 
patient no. 25 exhibited low expression of ER/PR (13%) and high 

HER2 (53%). Patient no. 5 was diagnosed with triple-positive breast 
cancer, and patient no. 37 was diagnosed with TNBC with low ER/
PR (1%) and low HER2 (0%).

Table 1 summarizes the detailed data from all 68 patients en-
rolled in the study, and Fig. 7 shows the data and their analyses. For 
the 63 patients in whom sufficient cells were present, we analyzed a 
mean of 1308 (range, 93 to 11,985) cells per patient. Fifty-five 
patients had malignant breast cancer, and five patients had benign 
lesions as correctly determined by CytoPAN analysis (Fig. 7A). 
Three cases were inconclusive because of low number of Quad-positive 
cells for further analysis. Furthermore, CytoPAN analysis allowed 
receptor typing in all patients (Fig. 7B). Using receiver operating 
characteristic (ROC) analyses, we determined sensitivity, specificity, 
and the area under the curve (AUC; Fig. 7C). The diagnostic accu-
racy for deterring cancer was 100%. The diagnostic accuracy for re-
ceptor subtyping was 93% for ER/PR (51/55) and 96% for HER2 (53/55).

The specimens from two patients (patient nos. 30 and 34) showed 
false-positive CytoPAN results for HER2 subtyping, but it should be 
noted that both patients only had a pathology/immunohistochemistry 
(IHC) score of 2 (“equivocal/intermediate”). With respect to ER/PR 
subtyping, the specimens from four patients (patient nos. 3, 50, 52, 
and 62) showed false-negative results. This discrepancy could be 
attributed to the following causes: (i) equivocal ER/PR expression 
and cutoffs by IHC (patient no. 50 showed 4% ER/PR positivity by 
CytoPAN and 10% ER positivity and 2% PR positivity by IHC) 
and (ii) discordant biopsy of different areas within a tumor, but less 

Fig. 5. In vivo studies using human breast cancer xenograft models. (A) Schematic representation of the FNA protocol in mice. (B) Breast cancer cell types in the 
mouse xenograft models representing four subtypes [MDA-MB-231, (ER/PR)−(HER2)−; BT474, (ER/PR)+(HER2)+; HCC1954, (ER/PR)−(HER2)+; MCF7, (ER/PR)+(HER2)−]. 
(C) Representative raw images of different FNA specimens taken by the CytoPAN device for bright field, DAPI (blue), Quad (magenta), HER2 (green), ER/PR (red), and 
overlay. Scale bar, 20 m. (D) Algorithms for (i) malignant/normal cell differentiation and (ii) breast cancer subtype classification. (E) Diagnostic results are consistent for 
repeat FNA collected at different time points, indicating assay repeatability and robustness.
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likely technical reasons, because all quality control test results were 
within normal limits.

DISCUSSION
Several detection technologies have the potential to be developed 
into affordable, POC versions for use in resource-limited settings 
(37–39). In practice, however, the number of viable technologies is 
much smaller, given the constraints of cost, accuracy, complexity, 
and practicality in resource-limited settings. There are two major 
prerequisites that have received less attention: (i) For fast processing 
and low morbidity, sample analysis ideally relies on harvested cells 
rather than tissue, and (ii) a given assay must be multiplexable to 
assess biomarker panels in all cells (as opposed to aliquoting samples 
for separate measurements). These criteria underpin the current 
work and largely arose from lessons learned during field testing of 
prior technological approaches (17, 18).

We engineered an integrated image cytometry platform to en-
able same-day diagnosis and treatment of breast lesions. The 
CytoPAN system is self-contained and can potentially be operated 
by nonphysicians after brief training. The approach addresses the huge 
need of providing broader POC diagnosis and faster turnarounds 
than are possible in many settings (40). Apart from the current trial 
reported here, the system is also being deployed in field trials in 
Botswana (NIH UH3CA202637). The ultimate outcome of these 
LMIC studies will require some time to establish as only a small 
fraction of patients to date were able to receive pathology reports 
due to limited medical infrastructure for surgical core biopsy, delayed 
pathology workup, and/or loss of patient follow-up.

Cancer specimens are commonly obtained by image-guided tissue 
biopsy, surgical tissue harvesting, punch biopsies, brushings, swabs, 
touch preps, fluid aspiration, or blood analyses (leukemia, lymphoma, 
and liquid biopsies). Some of these methods (core and open surgical 
biopsies) yield abundant tissue for embedding, sectioning, and staining 

for subsequent histopathological analysis. Although well established, 
this workflow is lengthy and requires expensive instrumentation 
and a trained workforce. In contrast, FNAs can be performed with 
minimal intervention using much smaller-gauge needles (20 to 
25 gauge), have very low complication rates, and are generally well 
tolerated (29, 41). Unfortunately, FNA of solid neoplasms typically 
yields scant cellular material, often challenging conventional analyses 
with colorimetric staining, IHC, and expert cytopathological review.

Given the paucity of cells in FNA, there is a need to extract as 
much information as possible from each harvested cell. This need 
dictates the use of multiplexed assays, particularly methods that are 
inexpensive, simple, and robust. For LMIC use, these requirements 
make fluorescence optical imaging a primary choice, because bio-
markers of interest can be assigned to different fluorescence channels. 
Conventional cytopathology generally relies on chromogenic 
immunostaining to better define cellular morphology, but this re-
quires expert analysis. We found fluorescence staining more ideally 
suited to automated analysis, similar to flow cytometry. Another 
key advantage of the CytoPAN is the minimum number of cells re-
quired for diagnosis (>50 cells). Given the well-established and 
documented variation in the number of cells collected by FNA 
(~102 to 106), the CytoPAN would be preferred over flow cytometry 
for FNA analysis. In our current work, we combined five channels 
into a single device without any moving parts. This was performed 
by implementing a quad filter and side illumination into a bare bones 
system. In the future, it may be possible to extend the multiplexing 
capabilities from 5 to 40 to 60 markers by harnessing image cycling 
approaches for FNA (42, 43).

One of the key design elements in the current system is lyo-
philized kits containing all necessary antibodies, buffers, and other 
reactants. A similar approach had previously been realized for lym-
phoma (44) but nevertheless required reanalysis for breast cancer 
because it required us to target different markers. Major advantages 
of these freeze-dried kits include (i) expanding the shelf life of kits 
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Fig. 6. CytoPAN analysis of human breast FNA. (A) Diagnostic algorithm applied to clinical validation cohort. Detected cells were first prescreened by size exclusion 
(>8 m). If fewer than 50 Quad-positive cells were present, we deemed the sample nondiagnostic. Above that number, we classified the specimen as malignant, benign, 
or inconclusive depending on the prevalence of Quad-positive cells in the sample. (B) Five representative examples of CytoPAN analyses are shown (four malignant and 
one benign; see Table 1 for results from all 68 patients). For all four malignant samples, there was good agreement between surgical pathology (IHC) and CytoPAN 
analysis. Note the number of cells analyzed in this subset analysis.
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from hours to weeks or months, a critical factor for field testing; (ii) 
enabling storage in regular refrigerators rather than specialty freezers 
commonly unavailable in LMICs; (iii) more efficient use of expensive 
specialty reagents; (iv) simplification of multistep procedures so that 
they can be performed by a less skilled workforce; and (v) reduction 
in assay cost. Through judicious choice of lyophilization conditions, 
we found that (i) antibody performance can be improved by in-
creasing the initial amount of antibodies by 25% to compensate for 
the loss of activity and (ii) the functionality of the lyophilized anti-
bodies could be maintained over 90 days if stored at or below 4°C.

The estimated cost for each test kit is under $5, more than five 
times lower than the current cost of conducting diagnostic pathology 
tests. The costs per histopathology slide are $149 in Lilongwe and 
$24 to 28 in Nebraska (45). Note that the estimated cost per slide in 
Nebraska does not include time and cost for pathologist’s review 
and interpretation. In addition, the cost efficiencies generated by 
our approach stem from the improved accuracy via automated, 
operator-free imaging analysis (less subjectivity), increased through-
put from faster turnaround times, and increased productivity (more 
efficient use of human capital) among other factors.

An essential part of the technology development was complete 
automation of image acquisition, built-in quality control routines, 
and operator-independent analysis. To minimize variations in fluo-
rescence intensities between experiments and on different days, we 
implemented bead-based calibration routines before each experiment 
in all four fluorescence channels. We devised serial wide-field image 
acquisitions by programming imaging routines in bright-field, DAPI, 
Quad, HER2, and ER/PR channels. We applied custom-developed 
automatic analysis algorithms for cell segmentation, expression level 
thresholding, and cellular analysis. Each of these routines was essential 
in proving automated operation without user curation. We also im-

plemented several additional safeguards. 
Users could only proceed with image ac-
quisition when the program detected the 
microcontroller and the imaging sensors 
were connected and switched on. To pre-
vent triggering image acquisition with-
out a sample in place, we installed a 
magnetic interlock that detected the 
proper positioning of a sample slide.

In the current study, we first optimized 
and validated technical aspects in cell 
lines and a mouse co-clinical trial. This 
allowed us to carefully investigate indi-
vidual parameters, establish cutoff values, 
and confirm that repeat biopsies produced 
congruent data. The different thresholds 
and controls were then corroborated in a 
prospective clinical trial using conven-
tional histopathology as the gold standard. 
To assure correct diagnoses and avoid 
over and under treatments, appropriate 
quality controls are essential. In our case, 
this included operator training and re-
certification in FNA sampling and opera-
tional quality controls (see Materials and 
Methods). In borderline cases, the sample 
materials were generally scant and were 
flagged as such.

In the clinical cohort, we showed a high rate of diagnosable FNA 
samples (93%). This number compares favorably with biopsy results 
in developed countries, where up to ~20% of samples are deemed 
“nondiagnostic” (46). In the 63 samples with adequate cellular 
materials, there was good correlation with histopathology. For a 
cancer diagnosis, the observed diagnostic accuracy was 100% 
(false-positive rate, 0%; false-negative rate, 0%). The receptor sub-
topic accuracy was 96% for HER2 and 93% for ER/PR.

The results are notable in several aspects. First, each sample under-
went a full processing cycle in only 1 hour. Second, we were able to 
establish accurate cancer diagnoses with as few as 50 cancer cells 
analyzed per specimen. This is especially important because not all 
FNAs are equally cellularly rich, particularly when only single passes 
are obtained (patient or cultural preferences) or inexperienced 
users take samples (47). Last, we determined that reliable receptor 
subtyping also required very few cancer cells. That is, accurate can-
cer diagnosis should be possible with cells from single FNA passes.

The current study had some limitations as the main goal was to 
develop, optimize, and validate an FNA analysis system that could 
be used for global and remote applications. First, the patient popu-
lation studied (treatment-naive surgical candidates without other 
major comorbidities) may not be representative of that in LMIC. For 
example, it is estimated that in sub-Saharan Africa, 20 to 40% of 
women diagnosed with breast cancer will be HIV positive (48–50). 
Conversely, in developed countries, a large portion of suspicious 
lesions are detected by mammography rather than by manual palpa-
tion. On the basis of these observations, we envision future prospec-
tive clinical trials in different remote and U.S. locations. Second, the 
number of molecular biomarkers used in this study was kept to a 
minimum for logistical and cost reasons in LMIC. With further 
modifications, it is feasible to expand the number of channels or use 
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Fig. 7. Cancer diagnosis analysis. (A) A waterfall plot shows the Quad-positive cell population prevalence sorted 
from high (left) to low (right) for 60 diagnosable samples (55 malignant and 5 benign tumors). Each column rep-
resents a different patient sample. There were no Quad-positive cells in benign samples. The Quad signature showed 
100% accuracy in distinguishing malignant from benign samples (P < 0.0001, unpaired t test). (B) The ER/PR-positive 
and the HER2-positive population prevalence were measured for 55 malignant samples (P < 0.0001, unpaired t test). 
(C) ROC curves were calculated for target markers (Quad, ER/PR, and HER2) with optimum threshold values. AUC, area 
under the curve.
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Table 1. Summary of clinical results. Results for 68 patients who had both FNA and core biopsies of breast masses. Fifty-eight of the masses were malignant, 
and 10 mass were benign. Five FNA sample were nondiagnostic as it only contained less than 50 cells, and three were inconclusive. Note the excellent match 
between the different analyses (1-hour automated cellular analysis versus conventional surgical pathology analysis, which takes several days. For CytoPAN, 
Total, DAPI+; cancer, DAPI+ Size+ QUAD+; Quad (%) = cancer/screened; ER/PR (%) = ER/PR+/cancer; HER2 (%) = HER2+/cancer. For pathology, ER/PR score, proportion 
score (0 to 5) + intensity score (0 to 3); HER2 score, 0 to 1 (negative), 2 (equivocal), and 3 (positive). 

CytoPAN (1 hour; scant cells) Pathology (days; core immunohistochemistry)

No. Total 
count

Cancer: 
Quad 

(%)

ER/PR+ 
(%)

HER2+ 
(%)

Cancer 
dx

Sub 
type dx

Quad 
match

ER/PR 
match

HER2 
match

Cancer 
dx

Sub 
type dx

ER/PR+ 
status

HER+ 
status ER score ER 

(%)
PR 

score
PR 
(%)

HER2 
score

1 661 0.16 0.73 0 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 95 1

2 2500 0.45 0.81 1 1 TP O O O 1 TP 1 1 5 + 3 = 8 95 3 + 3 = 6 25 3

3 682 0.19 0.18 0.01 1 TN O X O 1 ER/PR+ 1 0 4 + 2 = 6 40 5 + 3 = 8 95 2

4 441 0.15 1 0.25 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 0 + 0 = 0 0 1

5 5654 0.56 1 0.74 1 TP O O O 1 TP 1 1 5 + 3 = 8 98 4 + 3 = 7 60 3

6 1234 0.33 0.95 0.21 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 4 + 2 = 6 50 1

7 610 0.62 0.1 0.11 1 TN O O O 1 TN 0 0 0 + 0 = 0 0 0 + 0 = 0 0 1

8 11,985 0.37 0.97 0.18 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 3 + 3 = 6 40 1

9 684 0.02 – – Repeat 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 95 2

10 3037 0.72 0.7 0.25 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 90 4 + 3 = 7 60 0

11 305 0.28 0.15 0.23 1 TN O O O 1 TN 0 0 2 + 2 = 4 10 0 + 0 = 0 0 0

12 992 0.71 0.81 0.9 1 TP O O O 1 TP 1 1 5 + 3 = 8 90 5 + 3 = 8 90 3

13 415 0.27 0.98 0 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 85 1

14 489 0.38 0.93 0.09 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 2 = 7 85 2

15 3 0 – – ND 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 90 1

16 786 0.57 0.66 0.01 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 3 + 2 = 5 25 1

17 2106 0.39 0.83 0.04 1 ER/PR+ O O O 1 ER/PR+ 1 0 0 + 0 = 0 0 0 + 0 = 0 0 1

18 4426 0.64 0.44 0.54 1 HER2+ O O O 1 HER2+ 0 1 0 + 0 = 0 0 0 + 0 = 0 0 3

19 1901 0.2 0.37 0.66 1 HER2+ O O O 1 HER2+ 0 1 2 + 1 = 3 5 0 + 0 = 0 0 3

20 2192 0.59 0.99 0.01 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 2 = 7 95 5 + 3 = 8 80 1

21 1247 0.63 0.99 0.01 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 90 1

22 34 0.12 – – ND 0 – – – – – – –

23 1421 0.67 0.9 0.21 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 98 1

24 508 0.56 0.07 0.13 1 TN O O O 1 TN 0 0 0 + 0 = 0 0 0 + 0 = 0 0 1

25 1270 0.69 0.13 0.53 1 HER2+ O O O 1 HER2+ 0 1 2 + 2 = 4 5 2 + 1 = 3 5 3

26 217 0.34 0.38 0 1 TN O O O 1 TN 0 0 0 + 0 = 0 0 0 + 0 = 0 0 0

27 268 0.46 0.8 0.12 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 0 + 0 = 0 0 0

28 583 0.62 0.99 0.01 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 98 2

29 795 0.46 0.01 0 1 TN O O O 1 TN 0 0 2 + 3 = 5 10 0 + 0 = 0 0 1

30 1893 0.57 0.33 0.72 1 HER2+ O O X 1 TN 0 0 0 + 0 = 0 0 0 + 0 = 0 0 2

31 1029 0.48 0.69 0.11 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 90 1

32 993 0.18 0.48 0.92 1 HER2+ O O O 1 HER2+ 0 1 0 + 0 = 0 0 0 + 0 = 0 0 3

33 2618 0.45 0.99 0.37 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 2 = 7 95 5 + 3 = 8 95 2

34 211 0.29 0.85 0.69 1 TP O O X 1 ER/PR+ 1 0 – – – – –

35 1772 0.52 0.81 0.08 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 95 2

36 743 0.42 0.96 0.47 1 TP O O O 1 TP 1 1 5 + 3 = 8 95 0 + 0 = 0 0 3

37 1401 0.48 0.01 0 1 TN O O O 1 TN 0 0 0 + 0 = 0 0 0 + 0 = 0 0 0

38 196 0.19 0.7 0.05 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 98 0

39 595 0.19 0.83 0.26 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 3 + 3 = 6 30 1

40 118 0 – – 0 O 0 – – – – – – –

41 363 0.17 0.65 0.05 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 100 5 + 3 = 8 100 1

42 6 1 – – ND 0 – – – – – – –

43 5780 0.54 0.94 0.3 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 70 5 + 3 = 8 95 1

continued on next page
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cycling techniques (42, 43) for deeper multiplexing. Last, there is a 
room for system enhancements such as including autofocusing and 
making the system more rugged for portable use in more extreme 
climates. These additional engineering aspects are straightforward 
to implement without adding to the overall cost of the device.

We envision that the technology could also speed up turnaround 
times between intervention and results in established health care 
systems. Given the large number of breast core biopsies in developed 
countries (for example, 1.6 million breast biopsies per year in the 
United States) with a moderate positivity rate (~20 to 25%, indicat-
ing ~1.3 million unnecessary biopsies per year) and marked morbidity 
and delays, it may be reasonable to explore the use of CytoPAN as 
an alternative strategy for faster, minimally invasive diagnostics from 
FNA in both developed countries and LMICs. In addition, with the 
use of cycling technologies (42, 43), CytoPAN could be applied to 
additional applications such as immune cell profiling, drug trial 
enrollments, therapeutic efficacy testing, theranostics, or noncancer 
analyses such as those for hepatocytes in liver disease.

MATERIALS AND METHODS
Study design
The study was designed to develop, optimize, and validate a POC 
cancer diagnostic system for the analysis of breast FNA samples. 

We set out to develop an integrated platform with fast, automated 
analyses to identify malignant cells in a given FNA sample and deter-
mine the receptor status (ER/PR and HER2) of these cells. All pre-
clinical studies were performed in replicates (typically n = 3, unless 
otherwise specified). Following staining optimization studies, repro-
ducibility was tested on different days. Subsequently, extensive valida-
tion studies were performed using breast cancer cell lines and mouse 
models before the clinical study. On the basis of the mouse studies, 
we conducted the power analysis using two independent groups with 
a small effect size (TNBC and benign) to calculate the necessary clin-
ical samples size (n = 46). All clinical experiments were performed 
in blinded fashion without knowledge of pathological information.

Cell lines
A panel of breast cancer cell lines with different expressions of triple 
markers (ER, PR, and HER2) was used for assay validation: MCF7, 
T47D, BT474, SkBr3, HCC1954, HCC1937, and MDA-MB-231. All 
cell lines were purchased from the American Type Culture Collection. 
MCF7 and MDA-MB-231 were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM); SkBr3 was maintained in McCoy’s 5A; 
and T47D, BT474, HCC1954, and HCC1937 were maintained in 
RPMI 1640. All media were supplemented with 10% fetal bovine 
serum and penicillin-streptomycin (cellgro). All cell lines were rou-
tinely tested using MycoAlert mycoplasma detection kit (Lonza).

CytoPAN (1 hour; scant cells) Pathology (days; core immunohistochemistry)

No. Total 
count

Cancer: 
Quad 

(%)

ER/PR+ 
(%)

HER2+ 
(%)

Cancer 
dx

Sub 
type dx

Quad 
match

ER/PR 
match

HER2 
match

Cancer 
dx

Sub 
type dx

ER/PR+ 
status

HER+ 
status ER score ER 

(%)
PR 

score
PR 
(%)

HER2 
score

44 451 0.35 0.87 0.34 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 100 5 + 3 = 8 100 1

45 448 0.63 0.97 0.29 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 3 = 8 95 1

46 66 0 – – 0 O 0 – – – – – – –

47 1174 0.16 0.13 0.51 1 HER2+ O O O 1 HER2+ 0 1 0 + 0 = 0 0 0 + 0 = 0 0 3

48 52 0.67 0.89 0.09 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 98 5 + 3 = 8 90 2

49 522 0 – – 0 O 0 – – – – – – –

50 3310 0.12 0.04 0.9 1 HER2+ O X O 1 TP 1 1 2 + 3 = 5 10 2 + 1 = 3 2 3

51 21 0.1 – – ND 0 – – – – – – –

52 101 0.76 0.04 0.17 1 TN O X O 1 ER/PR+ 1 0 5 + 3 = 8 95 5 + 2 = 7 95 1

53 3560 0.25 0.01 0.49 1 HER2+ O O O 1 HER2+ 0 1 0 + 0 = 0 0 0 + 0 = 0 0 3

54 347 0.27 0.67 0.22 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 2 = 8 90 4 + 3 = 7 70 1

55 1590 0.14 0.61 0.02 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 85 3 + 2 = 5 40 1

56 520 0.02 0.75 0 Repeat 1 ER/PR+ 1 0 5 + 2 = 7 90 5 + 3 = 8 90 1

57 1576 0.26 0.79 0.25 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 90 5 + 3 = 8 90 2

58 2586 0 – – 0 O 0 – – – – – – –

59 18 0.06 – – ND 0 – – – – – – –

60 722 0 – – 0 O 0 – – – – – – –

61 1241 0.17 0.41 0 1 TN O O O 1 TN 0 0 3 + 2 = 5 15 0 + 0 = 0 0 1

62 486 0.15 0.03 0.46 1 HER2+ O X O 1 TP 1 1 5 + 3 = 8 95 5 + 3 = 8 90 3

63 375 0.17 0.78 0.14 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 90 0 + 0 = 0 0 1

64 1979 0.31 0.78 0.16 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 90 0 + 0 = 0 0 1

65 387 0.05 – – Repeat 0 – – – – – – –

66 468 0.89 0.86 0 1 ER/PR+ O O O 1 ER/PR+ 1 0 5 + 3 = 8 90 0 + 0 = 0 0 1

67 735 0.7 0.71 0.03 1 ER/PR+ O O O 1 ER/PR+ 1 0 3 + 2 = 5 50 3 + 2 = 5 30 0

68 334 0.67 0.8 0 1 ER/PR+ O O O 1 ER/PR+ 1 0 4 + 1 = 5 70 2 + 2 = 4 10 0
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Antibodies
Table S3 lists the antibodies used in this study. For POC operation, 
we further tested lyophilized antibodies. Solutions containing anti-
bodies, 60 mM trehalose, and 0.01% polysorbate 20 in 5 mM histidine 
buffer at pH 6 were frozen by immersion in liquid nitrogen and 
then lyophilized at 4°C for 5 hours, followed by lyophilization at 
room temperature overnight on a VirTis Freezemobile 25EL freeze 
dryer (SP Scientific). The lyophilized antibodies were vacuum- 
sealed and then tested under different storage conditions (−20°, 4°, 
and 20°C). The functionality of the lyophilized antibodies was tested 
and compared with fresh nonlyophilized antibodies. After rehydration 
with distilled water, antibodies could be used without additional 
modifications.

System construction and automation
A low-cost white LED (Adafruit, 1622), a 365-nm LED (Thorlabs, 
M365D2), and lasers (405, 488, and 638 nm; CivilLaser) were used 
for bright-field, DAPI, Quad, HER2, and ER/PR channels, respec-
tively. The optical imaging module consisted of an objective lens 
(20×, 0.70 numerical aperture; Nikon), a quad-band filter (Chroma, 
89101m), and a 5-megapixel monochrome imaging sensor (The 
Imaging Source, DMM 37UX250-ML). The optomechanical com-
ponents were either purchased from Thorlabs or built in-house using 
three-dimensional printing technology (Formlabs, Form 2). A 
microcontroller (Arduino, Arduino Nano) was used to control the 
light sources and a Hall effect sensor (Littelfuse, 55140-3H-02-A) 
for automatic image acquisition and precision positioning, respectively. 
The component list and cost breakdown of CytoPAN are provided 
in table S3. Suspended fluorescent calibration beads (Thermo Fisher 
Scientific, A16503 and A16504) were used to calibrate and compare 
image quality to a high-end upright fluorescence microscope.

User interface and image analysis
The CytoPAN user interface was based on the Visual Basic platform 
(Visual Studio 2019). Daily calibration, sample processing, and patient 
report readout were all built in a simple user interface to facilitate 
operation by end users. Image processing algorithms were applied 
for cell segmentation using bright-field and DAPI images. Briefly, 
the Sobel edge detection method was used to determine cellular 
edges based on high contrast in the bright-field image. Subsequently, 
the binary gradient mask underwent dilation, hole filling, and 
smoothing. Overlays with DAPI signals identified cell objects. Cells 
touching image borders were removed from analysis. Breast cancer 
subtypes were then classified on the basis of marker expression. For 
image analysis, we leveraged and integrated MATLAB dynamic- 
link libraries into the Visual Studio platform.

Immunostaining assay
We performed a thorough screening test for assay optimization and 
validation in cell lines. Specifically, we tested (i) different combina-
tions of primary and secondary antibodies at various concentra-
tions, (ii) different assay buffers, (iii) different staining conditions 
(sequence and time), and (iv) environmental influences and reagent 
stability. In general, harvested cells preserved in CRR (Thermo 
Fisher Scientific) were permeabilized with BD perm/wash buffer 
(BD Biosciences) for 10 min. The cells were then blocked with assay 
buffer supplemented with 2.5% bovine serum albumin (BSA) and 
2.5% normal goat serum for 10 min. The blocking solution was re-
moved after centrifuging at 2000g for 1 min. Cells were resuspended 

in 50 l of assay buffer and labeled with antibodies against ER, PR, 
HER2, and Quad (EpCAM, EGFR, HER2, and MUC1) for 20 min, 
followed by a quick washing (1 ml of assay buffer added, mixture 
centrifuged at ~2000g for 1 min, and supernatant removed). Subse-
quently, cells were resuspended in 50 l of assay buffer and labeled 
with a secondary antibody cocktail (Alexa Fluor 647 anti-rabbit IgG 
antibody, Alexa Fluor 488 anti-rat IgG antibody, and BV 605 anti- 
mouse IgG) for 10 min, followed by a quick washing. The labeled 
cells were then mounted on the glass surface with a mounting solu-
tion (ProLong Gold Antifade mountant with DAPI) and covered 
with a 12-mm round coverslip. Assay buffer was BD perm/wash 
buffer (BD Biosciences).

Flow cytometry
We performed flow cytometry to (i) benchmark CytoPAN mea-
surements and (ii) validate the lyophilized antibody activity. About 
106 cells were prepared identically to those for CytoPAN. Fluores-
cence signals were measured using BD LSRII Flow Cytometer 
(BD Biosciences) and normalized against IgG isotype controls. 
Data were analyzed using FlowJo software (version 10.6.0, Tree 
Star Inc.).

Microscopy
Fluorescence images of captured cells were acquired on an Olym-
pus BX-63 upright automated epifluorescence microscope. All cells 
were stained with DAPI and visualized after capture with a DAPI 
filter cube. Data were analyzed using ImageJ software.

Mouse tumors
Adherent breast cancer cells were removed using 0.25% trypsin 
(Gibco), washed twice in 50% DMEM (without supplements) and 
50% phosphate-buffered saline (PBS), and counted by a hemo-
cytometer. Female NOD/SCID/IL2Rg−/− mice (10 to 12 weeks; the 
Jackson laboratory, no. 005557) were anesthetized by inhalation of 
2% isoflurane, and their lower backs and mammary fat pads were 
injected subcutaneously with 2 × 106 cancer cells in 50 l of 50% 
growth factor-reduced Matrigel using 0.5-ml insulin syringes. Where 
appropriate, 90-day slow-releasing 17b-estradiol (0.72 mg per pellet) 
hormone pellets (Innovative Research of America) were implanted 
subcutaneously in the upper back of recipient mice (51).

Mouse FNAs and cutoffs
Mice typically underwent FNAs 5 weeks after implantation, with 
individual mice receiving between two and five FNAs in total. 
One-milliliter syringes were prepared with 0.2 ml of CRR medium 
and a 22-gauge needle. Mice were anesthetized with 2% isoflurane 
inhalation during the FNA procedure. FNAs were harvested by in-
serting and withdrawing the needle within the tumor and applying 
slight negative pressure on the plunger of the syringe. This step was 
repeated two to five times per location similar to clinical procedure. 
FNAs were collected from three different locations in each tumor. 
The collected samples were flushed out of syringes with CRR medium 
into 1.5-ml Eppendorf tubes. The samples were washed with 2% 
BSA-PBS and then processed for CytoPAN analyses. All animal 
studies were performed in accordance with the guidelines established 
by the Institutional Animal Care and Use Committee at Massachusetts 
General Hospital (MGH).

We established reference ranges and cutoffs for each staining 
parameter in the mouse co-clinical study. The positive cutoffs for 
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biomarker expression were determined according to the conventional 
criterion: (mean + 2 × SD) from the marker expression profiles of 
IgG isotype controls. The positive cutoffs for biomarker-positive 
cell proportions were determined by ROC analyses. Briefly, the cells 
were sampled from mouse xenografts (benign and all four subtypes 
of malignant breast cancer from seven different human cell lines). 
We generated ROC curves to determine (i) the cutoffs for marker- 
positive cell proportions and (ii) the minimum number of cells re-
quired for accurate cancer diagnosis according to the Youden’s 
index method.

Clinical study
The current study was designed to prospectively obtain patient 
samples and then correlate them with pathological and clinical in-
formation. Sample collection and processing were approved by the 
Institutional Review Board of the Kyungpook National University 
Chilgok Hospital (KNUCH 2015-05-205) with informed consent. 
Patients with operable breast cancer who underwent surgery at 
the Kyungpook National University Chilgok Hospital (Daegu, 
South Korea) were recruited between March 2019 and January 2020. 
Patients with breast cancer who had been treated with neoadjuvant 
chemotherapy or had prior surgery/excisional biopsies were excluded. 
The clinical records and pathologic results were carefully reviewed, 
and clinicopathological parameters were reviewed (table S4).

FNA samples were obtained as part of standard-of-care, clini-
cally indicated image-guided biopsies of suspicious breast masses. 
Ultrasound-guided FNAs were performed using 21-gauge needles 
to yield material for CytoPAN analysis. Additional core biopsies 
were obtained for conventional surgical pathology and IHC workup, 
which served as the gold standard. FNA samples were fixed in 
CRR and then processed as described for cell lines. CytoPAN 
analyses were conducted blinded to conventional pathology and 
vice versa.

Quality control
All surgical operators were trained in proper FNA acquisition and 
sample processing. Operational quality controls occurred at several 
levels: (i) use of a daily quality control of laser and imaging settings 
with calibration beads and positive/negative cell-based test samples, 
(ii) stringent reagent quality control of lyophilized kits to assure 
antibody reactivity and consistency between lots and with each 
use, (iii) operator training/competency in basic laboratory skills 
such as pipetting and computer use (iv) a calibration routine 
confirming that cells on the sample slide were in the correct focal 
plane, and (v) a custom-designed software package (available 
at https://csb.mgh.harvard.edu/bme_software) to minimize bias in 
image interpretation.

Statistics
Statistical analyses and data plotting were performed in GraphPad 
Prism 7. For correlations, the linear least squares fitting was per-
formed at the 95% confidence level, and the Pearson correlation 
coefficient was used to quantify the correlations between different 
variables. Group differences were tested using the nonparametric 
Mann-Whitney test for two groups and analysis of variance (ANOVA) 
with post hoc analysis for more than two groups. ROC curves were 
constructed for individual markers to describe the accuracy for cancer 
detection and subtyping. The cutoff points were selected using 
Youden’s index, which maximizes the sum of sensitivity and speci-

ficity. The power analysis for Mann-Whitney test was performed 
using G*Power to compute the necessary clinical sample size given 
the statistical power (1 − ) of 0.9, the effect size of 1.77, and the 
allocation ratio ncancer/nbenign of 0.1. All tests were two sided, and 
P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/555/eaaz9746/DC1
Fig. S1. Comparison of conventional pathology and CytoPAN.
Fig. S2. CytoPAN readouts for comixtures of benign and malignant cells.
Fig. S3. Decision tree algorithm to classify cell populations.
Fig. S4. Selection of optimal fixation methods for FNA specimen.
Fig. S5. Selection of optimal permeabilization methods.
Fig. S6. Comparison of direct staining (one-step) and indirect staining (two-step).
Fig. S7. Stability test for lyophilized antibodies.
Fig. S8. Bleed-through analyses and signal deconvolution.
Fig. S9. CytoPAN user interface.
Fig. S10. System characterization.
Fig. S11. Comparison of CytoPAN and flow cytometry for different cell lines.
Fig. S12. Comparison of CytoPAN and flow cytometry for repeat FNA from mice bearing four 
different breast tumor types.
Fig. S13. Statistical analyses to determine cutoffs.
Fig. S14. Quad as a cancer marker.
Table S1. Pairs of primary and fluorophore-conjugated, species-specific secondary antibodies 
used in the study.
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access in low-resource areas.
biopsy. The system is relatively affordable and requires minimal training, which should decrease the barriers to 
identify its subtype in 1 hour using samples obtained by fine needle aspiration, a less invasive technique than core
devised an automated image cytometry system named CytoPAN, which can correctly detect breast cancer and 

et al.may not be available and biopsy results can take months to return. To address this diagnostic bottleneck, Min 
conditions, and it can be near impossible in the developing world, where the necessary specialists and equipment 

Accurate and timely diagnosis and categorization of cancer are not always simple even under optimal
Panning for diagnostic gold
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