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The lack of cytopathologists delays the advancement of screening for endometrial cancer.
It was urgent to develop a new dye for rapid diagnosis. Our study aimed to synthesize a
targeted folate receptor-a near-infrared (NIR) fluorescent agent, folic acid-zwitterionic NIR
fluorophore (ZW-FA), and explore the feasibility for screening of endometrial cancer and
precancerous change. Folic acid was conjugated with zwitterionic NIR fluorophore. The
preparation of ZW-FA was validated by 1H NMR, mass spectrometric, ultraviolet spectra
and fluorescence spectra. ZW-FA was incubated with endometrial cytology samples
obtained from patients who underwent dilation and curettage or total hysterectomy.
Diagnostic utility was calculated by applying laser confocal microscope, Image-J and
statistical models, such as enumeration, receiver operating characteristic curve, logistic
regression, support vector machine and decision tree were used. The purity of ZW-FA
was > 95% determined by 1H NMR. ZW-FA had the strongest absorption peak at 633 nm
in ultraviolet spectra. Photostability of ZW-FA was over 8 hours. In clinical validation, a total
of 92 patients were enrolled. The cut-off value of ZW-FA was 49 in enumeration, which
was used to distinguish the type of samples. Indicators about diagnostic utility are as
follows: sensitivity 90.77%, specificity 62.96%, false-positive rate 37.04%, false-negative
rate 9.23%, positive predictive value 85.51% and negative predictive value 73.91%. The
samples processed by ZW-FA did not affect further Hematoxylin-Eosin staining and
pathological diagnosis. It was an effective cytologic strategy for in vitro diagnosis of
endometrial cancer and precancerous change by using ZW-FA.

Clinical Trial Registration: http://www.chictr.org.cn/index.aspx, identifier
ChiCTR1800020123.
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INTRODUCTION

Endometrial cancer is the most common malignancy of the female
reproductivesystemindevelopedcountries(1).It isurgenttocarryout
screening of endometrial cancer and precancerous change (2).
Endometrial cytology is the most common test for the initial
evaluation of endometrium in some countries (3). While the
extreme lackofcytopathologistsdelays theadvancementof screening.

Near-infrared (NIR) fluorescence imaging has emerged as a
non-invasive and real-time visualisation technique. Compared to
conventional fluorescent dyes, NIR dyes show ultralow
autofluorescence, providing high signal-to-background ratio
images (4). Zwitterionic NIR fluorophore (ZW800-1) has the
characteristics of high hydrophilicity, stable structure, charge
balance and ultra-low non-specific tissue uptake (5). ZW800-1
was labelled on the interferon-a molecule of the hyaluronate-
interferon a for targeted therapy of the hepatitis C virus (6).
Combining ZW800-1 with cyclic arginine-glycine-aspartate
(RGD) peptide, scholars have proved that the cRGD-ZW800-1
provides clearer identification in colorectal cancer (7).

Folate receptor-a (FR-a) is a 38 to 40 kDa molecule with a high
affinity for folic acid and its derivatives (8). FR-a in normal tissue is
restricted to apical surfaces of some organs such as kidney, lung and
choroid plexus (9). Overexpression of FR-a has been reported in
various solid tumours such as endometrial cancer, ovarian cancer,
breast carcinoma, non–small cell lung cancer and so on (10–13).
FR-a is expressed in 41%-89% of endometrial cancers and is highly
expressed in 40% of endometrial cancers. It was reported that FR-a
is expressed in 63%-81.1% of endometrioid cancers, 82% of serous
cancers, and 83% of clear cell cancers. High expression of FR-a was
found in 12%-50.5% of endometrioid cancers, 33%-41% of serous
cancers, and 25% of clear cell cancers (14–17). Based on the different
expression of FR-a, antibody drugs targeting FR-a have been
developed previously (10, 18–22). Results of a combination of
folic acid and high-density lipoprotein fluorescent nanoparticles
showed that with the linking of folic acid, the uptake of fluorescent
nanoparticles in ovarian cancer tissues significantly increased, which
is an excellent targeted drug (23). The coupling of folic acid and
indocyanine green demonstrated that folic acid increased the
absorption of the complex by breast cancer cell lines MCF-7,
which are of FR-a overexpression (24). In summary, the coupling
with folic acid improved the tumor targeting of the compound.

Nevertheless, related agents used in the diagnosis of endometrial
cancer have rarely been developed yet. In this study, we conjugated
folic acid and ZW800-1 to construct a targeted FR-a near-infrared
fluorescent agent folic acid-ZW800-1 (ZW-FA) (patent number:
ZL201510104185.5). After completing the synthesis and
characterization of ZW-FA, a cytologic test for in vitro diagnosis
of endometrial cancer and precancerous change was proposed to
verify the feasibility.
MATERIALS AND METHODS

Synthesis of the ZW-FA Compound
The synthesis of ZW-FA was composed of eight steps. In this part,
3-methyl-2-butanone and 4-hydrazinobenzenesulfonic acid were
Frontiers in Oncology | www.frontiersin.org 2
purchased from Aladdin, 4-(2-carboxyethyl) phenylboronic acid
and 1,1,3,3-tetramethoxypropane were purchased from Alfa Aesar
and 3-Bromo-N,N,N-trimethylpropan-1-aminium bromide was
purchased from Ark Pharm. All solvents and other reagents were
of reagent grade quality and purchased commercially.

Characterization
The preparation of ZW-FA was validated by 1H NMR, mass
spectrometric, ultraviolet spectra and fluorescence spectra. 1H
NMR spectra were recorded on Varian unity INOVA-400
spectrometer at 400, taking TMS as an internal standard. Mass
spectrometric detection was performed on a spectrometer
(microTOF-Q II ESI-Q-TOF LC/MS/MS, Bruker Daltonic Inc.,
USA). Ultraviolet spectra were recorded using ultraviolet
spectrophotometer (UV/VIS spectrophotometer UV-2700,
Shimadzu, Ltd., Japan). Fluorescence spectra were recorded
using a luminescence spectrometer (F-7100, Hitachi, Ltd.,
Japan). Photostability of ZW-FA (7.14 ug/ml) was evaluated in
a variety of biological media, including H2O, phosphate-buffered
saline (PBS), serum and blood at 37°C under continuous laser
exposure at 650-850 nm (Cary series UV-Vis; Agilent
Technologies Co., Ltd., USA).

Fluorescence Imaging of Cell Lines
Human ovarian cancer cell line SKOV3 and human breast cancer
cell line MDA-MB-231 with overexpression of FR-a were
conducted as positive cell lines and obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
Human umbilical vein endothelial cell line HUVEC was
performed as a negative cell line and obtained from the
American type culture collection in the United States. All cell
lines were grown in complete medium without folic acid and
maintained under humid conditions with 5% CO2 at 37°C.

All cells were cultured on slides in a 24-well plate at 105/well
overnight. Each slide was washed 3 times with PBS, and the cells
were fixed with 0.5 ml of 4% paraformaldehyde for 30 minutes
and washed with PBS again.

To verify the targeting of ZW-FA to FR-a, a monoclonal
antibody validation experiment was performed. SKOV3 was
incubated with human folate receptor alpha-1 (FOLR1)
antibody (catalogue #MAB5646, R&D, USA) with 10 µg/ml
and Alexa Fluor 488 (catalogue #ab150117, Abcam, Australia).
Then the cell was incubated with ZW-FA at 600 ug/ml for 1 hour
at 37°C, washed again with PBS and incubated with DAPI
(catalogue # 10236276011, Roche, Switzerland) for 30 minutes.

Similarly, in concentration-dependent experiment, SKOV3

was incubated with ZW-FA at 400 ug/ml, 500 ug/ml and 600
ug/ml for 1 hour at 37°C. MDA-MB-231 and HUVEC were
incubated with ZW-FA at 600 ug/ml for 1 hour at 37°C. They
were washed again with PBS and incubated with DAPI for
30 minutes.

Finally, antifade mounting medium (catalogue #P0126,
Beyotime, China) was used for sealing, and laser confocal
microscope (C2, Nikon, Japan) was used to observe the results.
The excitation wavelengths of DAPI, human FOLR1 antibody
and ZW-FA fluorescence were 408 nm, 488 nm and 633 nm
July 2021 | Volume 11 | Article 713583
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respectively. It’s worth noting that the incubation and afterward
steps needed to be protected from light.

Patients Enrolled
Endometrial cytological samples of enrolled patients had been
collected by Li Brush (20152660054, Xi’an Meijiajia Medical
Technology Co. Ltd., China) from patients who had undergone
dilation and curettage (D&C) or total hysterectomy during 15
months (07/2018 to 10/2019) (25–28). The detailed clinical
information of enrolled patients had been collected from
Electronic medical record system.

This study was performed in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the First
A ffi l i a t ed Hosp i t a l o f X i ’an J i ao tong Unive r s i t y
(XJTU1AF2017LSK-100) and informed written consent was
obtained from all patients before the study.

Sample Processing
The samples were stained with ZW-FA and Hematoxylin-Eosin
(H&E) successively. The slides loaded with endometrial cells
were fixed in 95% alcohol for 30 minutes and washed with PBS
(25). We incubated the cytology slides with ZW-FA (500 ug/ml)
for 1 hour at 37°C, washed with PBS and incubated with DAPI
for 30 minutes at last. Laser confocal microscope was used to
observe results. The excitation wavelengths of DAPI and ZW-FA
fluorescence were 408 nm and 633 nm respectively. It’s worth
noting that the steps of incubation and afterward needed to be
protected from light.

After data collection, H&E staining and cytopathological
diagnosis were performed by two experienced pathologists to
verify whether ZW-FA staining affected subsequent H&E
staining (25). For samples with inconsistent diagnosis results, a
third pathologist re-diagnosed.

To evaluate the diagnostic utility of ZW-FA, postoperative
histopathologic results were regarded as the gold standard
(Figures 4D, H). The histopathologic diagnoses, according to
the International Society of Gynecological Pathology
Classification, included endometrial carcinoma, endometrial
atypical hyperplasia, complex hyperplasia defined as
adenomatous hyperplasia without atypia, mixed endometrium,
simple hyperplasia including cystic glandular hyperplasia,
atrophic endometrium, proliferative endometrium and
secretory endometrium (29). The cytopathologic diagnoses
were classified as follows: endometrial cancer cells, endometrial
atypical cells, endometrial hyperplasia cells, mixed endometrial
cells, atrophic endometrial cells, proliferative endometrial cells
and secretory endometrial cells (27). Positive results were defined
as endometrial carcinoma, endometrial atypical hyperplasia in
histopathology and endometrial cancer cells, and endometrial
atypical cells in cytopathology. Other diagnoses were defined
as negative.

Immunocytochemistry
The false-negative and false-positive samples of ZW-FA were
subjected to immunocytochemistry (ICC) to identify whether
FR-a was expressed by using human folate receptor alpha-1
Frontiers in Oncology | www.frontiersin.org 3
(FOLR1) antibody (catalogue #MAB5646, R&D, USA) with 20
µg/ml (30).

The staining intensity of FR-a was divided into 0, no staining;
1, weak; 2, moderate and 3, strong, as described by Henry et al.
(31). Evaluation of ICC staining was performed independently
by two experienced experts, for samples with inconsistent results,
a third observer re-evaluated.

Data Analysis
Fluorescence images of each sample were collected by laser
confocal microscope. Image-J (Image-J 1.52a) was used to
analyze all images and obtain the grey values of them. Then
statistical prediction models were built to analyze the above grey
values. Statistical prediction models included receiver operating
characteristic curve (ROC), enumeration (ENUM), logistic
regression, support vector machine (SVM) and decision tree.
The ROC curve was used to obtain the cut-off value to calculate
the diagnostic utility. The diagnostic utility corresponding to
each gray values were listed in ENUM method, and the most
appropriate cut-off value would be obtained by comparing all the
results. Logical regression model was established to predict the
positive probability of each gray value, and then the ROC curve
was drawn to calculate the diagnostic utility. The SVM model
was used to analyze the data from training set to distinguish the
positive and negative in the test set. The cut-off value was
calculated by using the decision tree model and then the
diagnostic utility was calculated.

According to the models, all cytological samples were divided
into positive and negative. Indicators about diagnostic utility of
ZW-FA were calculated through the confusion matrix for
evaluating the feasibility in endometrial cytology in vitro
diagnosis. Indicators were as follows: sensitivity (Se), specificity
(Sp), false-positive rate (FPR), false-negative rate (FNR), positive
predictive value (PV+) and negative predictive value (PV–). By
comparing the results of each model, an optimal model for
endometrial cancer screening was obtained.

All of the data were analyzed by SPSS 22.0 (IBM Corp.,
Armonk, NY, USA) and R-program (version 3.2.2, The R
Foundation for Statistical Computing).
RESULTS

Synthesis and Characterization of ZW-FA
The synthesis procedure of ZW-FA was presented in Figure 1A
and Supplementary Table 1. The schematic diagram of the
working principle for detecting endometrial cells and the ball-
and-stick model of ZW-FA were shown in Figure 1B. NIR
fluorophore ZW-FA was synthesized by employing 4-
hydrazinobenzenesulfonic acid, potassium hydroxide and
preparation of activated folic acid. The crude product was
washed with eluent consisting of acetone and water with a
volume ratio of 1:3. ZW-FA, the final product, had superior
aqueous solubility when methanol was used as a solvent. The
purity of all compounds was > 95% determined by 1H NMR
(Supplementary Figure 1).
July 2021 | Volume 11 | Article 713583
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As implied in Figures 1C, D, ZW-FA emits near-infrared.
ZW-FA had the strongest absorption peak at 633 nm in
ultraviolet spectra. The fluorescence intensity of ZW-FA
reached a peak at 668 nm in fluorescence spectra. We observed
excellent photostability of ZW-FA by exposing it in a variety of
biological media, which included H2O, PBS, serum, and blood
(Figure 1E), at 37°C (8 hours).

Fluorescence Imaging of Cell Lines
FR-a positive cells SKOV3 were incubated successively with
human FOLR1 antibody, Alexa Fluor 488 and ZW-FA (600
ug/ml). The fluorescence signal in the green channel was strong,
while the fluorescence signal in the red channel was weak
(Figure 2A). The green and red channels indicated the bond of
the human FOLR1 antibody and ZW-FA with FR-a of cells,
respectively. The results demonstrated that the FR-a on the cell
surface was firstly occupied by the human FOLR1 antibody,
resulting in the binding of ZW-FA was blocked. It has been
proved that ZW-FA had the ability for targeting FR-a.

FR-a positive cells SKOV3 and MDA-MB-231, and FR-a
negative cells HUVEC were incubated with ZW-FA (600 ug/ml).
The red channel of FR-a positive cells SKOV3 and MDA-MB-
Frontiers in Oncology | www.frontiersin.org 4
231 showed a strong fluorescence signal (Figures 2B, C).
However, there was a weak fluorescence signal in the red
channel of FR-a negative cells HUVEC (Figure 2D). The
fluorescence signal of the red channel indicated the binding of
ZW-FA with FR-a of cells. The results demonstrated that FR-a
positive cell lines SKOV3 and MDA-MB-231 had effectively
bound with ZW-FA while the FR-a negative cell line HUVEC
had not.

FR-a positive cells SKOV3 were incubated with ZW-FA at
400 ug/ml, 500 ug/ml and 600 ug/ml. Fluorescence intensity of
the red channel increased significantly with the increase of ZW-
FA concentration, which implied the concentration-dependent
of ZW-FA (Figure 3).

Patient Characteristics
A total of 92 patients were enrolled. The mean ± SD age was
50.97 ± 9.82, and the range was 28-74 years. According to the
endometrial histopathological diagnosis system, there were 60
cases of endometrial carcinoma, 5 cases of endometrial atypical
hyperplasia, 8 cases of simple endometrial hyperplasia, 11 cases
of proliferative endometrium, 5 cases of atrophic endometrium,
and 3 cases of secretory endometrium. Detailed information was
A B

D EC

FIGURE 1 | The synthesis and Characterization of ZW-FA. (A) Synthesis steps of ZW-FA. (B) Schematic diagram of the working principle for detecting endometrial
cells and the ball-and-stick model of ZW-FA. ZW-FA bound to the FR-a of cell, and the ZW-FA-cell complex could emit near-infrared fluorescence with 633nm laser.
(C) Ultraviolet spectra of ZW-FA (7.14 ug/ml). (D) Fluorescence spectra of ZW-FA (7.14 ug/ml) at 668 nm. lex=633 nm, slit width: dem=10.0 nm, dex=2.5 nm. (E) In a
variety of biological media at 37°C under continuous laser exposure at 650-850 nm.
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shown in Table 1. The diagnosis of ZW-FA was not significantly
related to age, tumor type, International Federation of
Gynecology and Obstetrics (FIGO) stage, grade and depth of
myometrial invasion, but was significantly related to
diseases (P<0.001).

Diagnostic Utility
After collecting the fluorescence images of endometrial cytology
samples (Figure 4), the grey values of all fluorescence images
were obtained by applying Image-J software which digitalized the
fluorescence images in Supplementary Table 2. We introduced
the statistical prediction models, named as ROC, ENUM, logistic
regression, SVM and decision tree, to analyze the above grey
values. The code was shown in Supplementary Table 3.

In the ROC method, the cut-off value of ZW-FA was 62.9745,
and the area under the ROC curve (AUC) was 0.881 (Figure 5A),
which indicated the high accuracy of this test (32). According to
the confusion matrix (Figure 5D), indicators about diagnostic
utility of ZW-FA were calculated as follows: Se 84.62%, Sp
85.19%, FPR 14.81%, FNR 15.38%, PV+ 93.22% and
PV– 69.70%.
Frontiers in Oncology | www.frontiersin.org 5
In ENUM, the cut-off value of ZW-FA was 49, which was
used to distinguish the type of samples. According to the
confusion matrix (Figure 5E), indicators about diagnostic
utility of ZW-FA were calculated as follows: Se 90.77%, Sp
62.96%, FPR 37.04%, FNR 9.23%, PV+ 85.51% and PV–
73.91%. Additionally, in cytopathological diagnosis, 8 out of 92
samples were considered unsatisfied sampling and 4 were missed
(Supplementary Table 2), which implied that the new method
further complemented the cytological diagnosis.

Based on the classification and recognition of machine
learning, we analyzed our data by logistic regression, SVM and
decision tree. The data was distinguished as a training set (64
cases) and a test set (28 cases). According to the confusion matrix
(Figure 5F), indicators about diagnostic utility of ZW-FA from
logistic regression were calculated as follows: Se 93.75%, Sp
58.33%, FPR 41.67%, FNR 6.25%, PV+ 75.00% and PV–
87.50%. AUC was 0.887, which implied a high accuracy of this
test (32) (Figure 5B). It was shown in Figure 5C that the
conditional inference tree of training set in decision tree
model. Patients in the training set were identified as positive,
defined as 1, with a 0.93 accuracy. Results of SVM and decision
A B

DC

FIGURE 2 | Targeting verification. (A) Fluorescence images of SKOV3, cells were incubated with human FOLR1 antibody, ZW-FA and DAPI in sequence.
(B) Fluorescence images of MDA-MB-231, cells were incubated with ZW-FA and DAPI in sequence. (C) Fluorescence images of SKOV3, cells were incubated with
ZW-FA and DAPI in sequence. (D) Fluorescence images of HUVEC, cells were incubated with ZW-FA and DAPI in sequence. The concentration of ZW-FA was 600
ug/ml in the three cell lines. The excitation wavelengths of DAPI, human FOLR1 antibody and ZW-FA fluorescence were 408 nm, 488 nm and 633 nm, respectively.
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tree were same as follows: Se 86.36%, Sp 83.33%, FPR 16.67%,
FNR 13.64%, PV+ 95.00% and PV– 62.50% (Figure 5G).

Generally, ROC was used to analyze data and evaluate utility
in diagnostic experiments. The sensitivity and false-negative rate
were calculated to be 84.62% and 15.38%, using ROC in our
study initially. However, this study is dedicated to the screening
of endometrial cancer and precancerous change, the high false-
negative rate is not applicable. Therefore, other statistical
methods were applied for building a suitable prediction model
to evaluate the feasibility of ZW-FA. According to the results of
models, it was believed that the ENUMwas more suitable for this
research. Finally, 49, cut-off value of ZW-FA from ENUM, were
adopted to predict the result, and the diagnostic utility was
evaluated according to the confusion matrix. We made a
positive conclusion for the sample with a grey value higher
than 49. Conversely, a negative conclusion was made. Thus, 69
cases were diagnosed as positive and 23 cases were negative
(Figures 4A–C, E–G), In this study, there were 10 false-positive
cases and 6 false-negative cases. The sensitivity and false-
negative rate of this diagnostic test were 90.77% and 9.23%.
Frontiers in Oncology | www.frontiersin.org 6
Immunocytochemistry
Among the 10 false-positive cases and 6 false-negative cases, there
were 5 false-positive and 2 false-negative paraffin-embedded
specimens have been obtained from the sample library, and
immunocytochemical staining and scoring were performed. We
found that 4 out of 5 false-positive samples (Figures 4I, J) showed
FR-a expression with staining intensity 1, weak and 2, moderate
(Figures 4M, N). Among them, 3 cases were endometrial
hyperplasia in type of postoperative pathological. There was 1
false-positive sample (Figure 4K) without expression of FR-a,
with staining intensity 0, no staining (Figure 4O). FR-a
expression was also shown in 2 false-negative samples
(Figure 4L) with staining intensity 1, weak (Figure 4P). Detailed
information is shown in Supplementary Table 4.
DISCUSSION

Screening for endometrial cancer and precancerous change is of
great significance (2). In this study, we coupled folic acid and
A

B

C

FIGURE 3 | Fluorescence images of SKOV3 incubated with ZW-FA in gradient concentration. (A) Fluorescence images of SKOV3, cells were incubated with ZW-FA
in 400 ug/ml and DAPI in sequence. (B) Fluorescence images of SKOV3, cells were incubated with ZW-FA in 500 ug/ml and DAPI in sequence. (C) Fluorescence
images of SKOV3, cells were incubated with ZW-FA in 600 ug/ml and DAPI in sequence.
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ZW800-1 to synthesis ZW-FA, which has the characteristics of
targeting FR-a and emitting near-infrared. Meanwhile, we
proposed a strategy for screening of endometrial cancer and
precancerous change with ZW-FA. The sensitivity and false-
negative rate of this strategy were 90.77% and 9.23%, and the
high sensitivity and low false-negative rate are important for
disease screening. Used in diagnosis in vitro, ZW-FA effectively
identified endometrial cancer samples based on the principle of
antigen-antibody specific binding.

ZW-FA has the characteristics of high hydrophilicity, emits
near-infrared, and photostability. It performed excellent
targeting and low non-specific binding in targeting FR-a
positive and negative samples. The samples processed by ZW-
FA did not affect further H&E staining and pathological
diagnosis (Supplementary Table 2). Patients with positive
results of ZW-FA would be recommended to undergo further
examination for confirming the diagnosis. The strategy applied
ICC and fluorescence image analysis reduced the subjective bias
brought with differences in level of pathologists, and improved
the objectivity of diagnosis. In addition, the method did not
require pathologists to read large number of images compared
with H&E, consequently reducing the work burden of
cytopathologists, solving the problem of serious lack of
cytopathology experts in grassroots areas, and improving
screening efficiency. Thus, the current dilemma of the extreme
lack of pathologists in the endometrial cytology test would be
solved. Compared with immunohistochemical technology, the
Frontiers in Oncology | www.frontiersin.org 7
method was economical and convenient, and the steps were
uncomplex (30). Result of diagnosis could be obtained within
one day, thus the idea of rapid diagnosis was realized. To conclude,
it is more suitable for rapid screening of large populations.

Expression of FR-a has increased in cancer cells of patients
with endometrial cancer and other solid tumors (10–13). Scholars
had experiments to distinguish between benign and malignant
lesions based on the difference in FR-a expression (10, 13, 33, 34).
Folic acid and its derivatives have a high affinity with FR-a, which
provides a theoretical basis for complexes coupled with folic acid
to target FR-a (8). FA-NIR797-MAN was made via combining
folic acid, near-infrared fluorescent dye NIR797 and magnetic
albumin nanospheres. The highly selective affinity and targeting
ability to nasopharyngeal tumor cells and FR-a positive cells has
been proved (35). Heptamethine cyanines, gemcitabine and folic
acid were linked to synthesize a folate-receptor targeted drug,
which successfully monitored the absorption of the drug through
fluorescence imaging (36). Similarly, we combined folic acid with
ZW800-1 to synthesize ZW-FA for targeting FR-a on the tumor
cells, and proved that SKOV3 and MDA-MB-231 cell lines could
bind effectively with high FR-a expression.

In this study, there were 10 false-positive cases, in which
histopathologic diagnoses were 9 hyperplasia cases and 1
atrophic endometrium case. There were 36.1% of endometrial
hyperplasia with FR-a expression, and false positives were
inevitable (37). Among the 5 false-positive paraffin-embedded
specimens which was treated with immunocytochemical staining
and scoring, we also found that 4 out of 5 samples showed FR-a
expression and 3 cases were endometrial hyperplasia in type of
postoperative pathological. There were 6 false-negative cases in
this study. FR-a expression was shown in 2 false-negative
samples with immunocytochemical staining intensity 1. The
expression level of FR-a was related to the histological type,
pathological grade and FIGO stage of endometrial cancer, which
indicated that not all types of endometrial cancer had significant
overexpression of FR-a (38). Among the 6 false-negative cases
diagnosed by cytology, 1 case was defined as an unsatisfied
sample, 4 cases were of FIGO stage I and 1 case was diffuse
serous carcinoma. In addition, pathologists believed that the
potential reason for false negative of the unsatisfied sampling was
due to little number of cells during the sampling process. We will
make in-depth analysis of such cases in the future study to
explore the reasons for false-negative and false-positive and
improve the diagnosis process. One case were diagnosed as
endometrial cancer by D&C, while postoperative histopathological
examination demonstrated the result as simple hyperplasia. It is
worth noting that for this case, results of ZW-FA and
cytopathological were both positive. The results suggested that the
method is expected to further complement the cytological diagnosis
and improve the diagnosis accuracy of endometrial cancer and
precancerous change.

However, a few limitations in this study are worth noting. We
did not cover all histological types of the endometrium, and all
the samples were from a single-center, that is the First Affiliated
Hospital of Xi’an Jiaotong University. In the future, more
samples and data are needed to demonstrate the feasibility of
TABLE 1 | Clinical characteristics of patients (N = 92).

Total, n (%) Diagnosis of ZW-FA (n %) P Value

(n = 92) (+) (-)

Age (MEAN ± SD) 50.97 ± 9.82 0.145
<50 40 (43%) 27 (68%) 13 (32%)
≥50 52 (57%) 42 (81%) 10 (19%)

Diseases <0.001
Noncancerous 27 (29%) 10 (37%) 17 (63%)
Atypical 5 (6%) 5 (100%) 0 (0%)
Cancer 60 (65%) 54 (90%) 6 (10%)

Tumor type 0.238
Endometrioid 52 (87%) 47 (90%) 5 (10%)
Serous 2 (3%) 1 (50%) 1 (50%)
Clear cell 1 (2%) 1 (100%) 0 (0%)
Other 5 (8%) 5 (100%) 0 (0%)

FIGO stage (2018) 0.115
I 48 (80%) 44 (92%) 4 (8%)
II 6 (10%) 6 (100%) 0 (0%)
III 5 (8%) 3 (60%) 2 (40%)
Unknow 1 (2%) 1 (100%) 0 (%)

Grade 0.804
1 9 (15%) 8 (89%) 1 (11%)
2 30 (50%) 28 (93%) 2 (7%)
3 9 (15%) 8 (89%) 1 (11%)
Unknow 12 (20%) 10 (83%) 2 (17%)

Depth of myometrial
invasion

0.076

<50% 32 (54%) 31 (97%) 1 (3%)
≥50% 11 (18%) 10 (91%) 1 (9%)
Unknow 17 (28%) 13 (76%) 4 (24%)
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FIGURE 4 | Fluorescence images, H&E and ICC images of endometrial cells. (A–C) Fluorescence images: (A) Endometrial carcinoma. (B) Clear-cell carcinoma.
(C) Endometrial atypical hyperplasia. (D) Endometrial carcinoma (H&E). (E–G) Fluorescence images: (E) Proliferative endometrium. (F) Secretory endometrium.
(G) Atrophic endometrium. (H) Proliferative endometrium (H&E). (I–K) Fluorescence images of false-positive cases. (L) Fluorescence images of false-negative cases.
(M–O) ICC images of false-positive cases: (M) Staining intensity 1, weak. (N) Staining intensity 2, moderate. (O) Staining intensity 0, no staining. (P) ICC images of
false-negative cases, staining intensity 1, weak.
A B

D E F G

C

FIGURE 5 | Diagnostic utility. (A) Curve of ROC method. (B) ROC curve of logistic regression. (C) Conditional inference tree of the training set. Patients in the
training set were identified as positive, defined as 1, with a 0.93 accuracy. (D) Confusion matrix of the ROC method. (E) Confusion matrix of ENUM. (F) Confusion
matrix of logistic regression. (G) Confusion matrix of SVM and decision tree.
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ZW-FA, and we hope to use it as an effective screening tool for
endometrial cancer and precancerous change.

It was an effective cytologic strategy for in vitro diagnosis of
endometrial cancer and precancerous change to use the targeted
FR-a near-infrared fluorescent agent ZW-FA. Patients with positive
diagnosis results of ZW-FA will be recommended to undergo
further examination for confirming, which will greatly reduce the
work burden of cytopathologists in reading pathological images,
improve the screening efficiency, and make endometrial cancer and
precancerous change screening hopeful.
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