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Abstract
Background: Although investigating the probable side effects of post intraoperative radiotherapy wound fluid secretion (PIWFS) 
is crucial, especially in clinical cases, no report has been published on the effect of PIWFS on the remaining tumor cells (in the 
vital state) in cavity side margins or surrounding regions. These tumor cells might be directly/indirectly exposed to intraoperative 
radiation therapy (IORT). Here, for the first time, we investigated the effect of PIWFS on tumor cells of the same patient extracted 
from the excised tumor in the spheroid form.
Methods: We generated 8 human-derived breast tumor spheroids from 4 patient specimens who received to IORT, dissociated 
and cultured them in microfluidic devices. The spheroids from each sample were treated with the patients’ PIWFS and DMEM 
medium separately. Two different parameters, called area and number of detached cells (NDCs), were determined and investigated 
to evaluate the spheroids’ vital and proliferative states 
Results: The results showed severe transformation in tumor spheroids’ function into more invasive and proliferative functions after 
treatment with PIWFS. 
Conclusion: Although the radiation-induced bystander effect may have a role in this observation, further experiments must be 
done to better clarify the probable desired or non-desired effects of post-IORT secretion for both the remaining tumor cells and 
the surrounding immune cells. 
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Introduction
Today, intraoperative radiation therapy (IORT) has gained 
worldwide acceptance as part of the standard treatment 
for early-stage breast cancer in women undergoing 
breast-conserving surgery (BCS).1,2 IORT is defined as a 
single dose of irradiation delivered to the tumor bed at 
the surgery time and can be substituted for whole-breast 
irradiation. By applying a suitable applicator during BCS, a 
high single-dose energy of electron3 or X-ray4,5 is delivered 
to the tumor bed. In patients with unsuitable or cautionary 
criteria to receive the full dose, IORT is prescribed as 
an alternative to the external boost dose.6,7 Previously, 
targeted intraoperative radiotherapy (TARGIT)1 and 
electron beam intraoperative radiotherapy (ELIOT)3 trials 

have been carried out on a large group of patients, and 
some trials have indicated that IORT-treated patients had 
no worse overall survival (OS) and disease‐free survival 
(DFS) than those treated with external beam radiation 
therapy (EBRT).4-9

Even using boost doses of IORT in patients with breast 
cancer [both invasive ductal and lobular carcinoma (IDC 
and ILC)] or delayed targeted intraoperative radiotherapy 
(TARGIT-IORT) (i.e., the site of tumor surgery was 
reopened in a separate surgery and radiotherapy 
performed) may lead to acceptable results in terms of local 
recurrence or metastasis (compared to applying EBRT 
alone).8,9

Although IORT has been shown to yield acceptable 
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results compared with EBRT,10 its significant effect in 
the tumor bed’s microenvironment raises many concerns 
about both desired and non-desired effects of localized 
radiation on cellular activities, either probably remaining 
tumor cells or surrounding immune cells.

One of the mediators or symptoms of such changes 
might be the wound fluid secreted in the tumor cavity 
post-IORT as it contains a wide variety of secreted proteins 
and enzymes that may favor or counter tumor cells ҆ vitality. 
Therefore, extensive research has been conducted on the 
effect of post-IORT wound fluid secretion (PIWFS) on 
breast cancer cells and its comparison with the wound 
fluid of the IORT-free BCS cases.11

Inconclusive results have been published about the 
effects of PIWFS, ranging from disrupting proliferation 
and mutation of cancer cells to non-perturbing effects 
on both cancer and normal cells. Radiobiological and 
bystander effects have been reported as the main reasons 
underlying the cancer-disturbing effects of PIWFS.11-14

Several publications have revealed that IORT-treated 
(boost, radical, and X-ray) seroma significantly affects 
proliferation, cell cycle arrest, death, migration, and 
invasion of the cancer cells. Besides, another valuable 
study based on functional annotation and gene ontology 
indicated that significant enrichment in molecular 
pathways on breast-conserving treatment is somehow 
independent of single high-dose radiation, meaning that 
crucial molecular pathways in IORT are equally enriched 
by both boost and radical doses.15 

Other studies have reported that the cancer destructive 
effects of PIWFS might be related to secretory products of 
the immune system recalled to the treated lesion to exert 
functional effects (such as the radiation-induced bystander 
effect) in host margin cells by indirect radiation.13 

Although investigating the probable side effects of 
PIWFS is crucial, especially in clinical cases, no report has 
been published on the effect of PIWFS on tumor cells of 
the same patient that might have remained in cavity side 
margins or surrounding regions. These tumor cells (in 
the case of surrounding margin cells) might be directly/
indirectly exposed to IORT.

For experimentally simulating such evidence, a fresh 
tumor species was removed from the patients and was 
located on the lateral side of IORT emission so that there 
was a tumor in the bystander condition. After termination 
of IORT, the sample was divided into two individual parts, 
and vital spheroids were made from them. Each sample 
was then individually introduced to PIWFS of the same 
patient and a standard culture media. 

This study is of high importance as many reports have 
revealed that in some lumpectomy or partial mastectomy 
cases, at least satellite lesions of atypical ductal hyperplasia 
or ductal carcinoma in-situ might remain in surgical cavity 
side margins (although missed in frozen sections).12,16-19 
These tumor cells might not even have a trace in the 
permanent pathology of tumor side margins, and if they 
become activated by PIWFS, the probability of tumor 

recurrence might be increased.

Materials and Methods
Study Design
This study was done based on sampling from patients 
with breast cancer who were candidates for BCS and had 
undergone IORT. The Iranian intraoperative radiotherapy 
(IRIORT) consensus (appendix) was used to prescribe 
radical or boost dose of IORT. Patients who underwent 
systemic neoadjuvant therapy were not included in the 
study. A radical dose of 21 Gy and a boost dose of 12 Gy 
were selected.

After BCS and removing a fresh species of tumor from 
the patients, the tumor sample was transferred to the 
pathology department, and if the tumor sampling did not 
interfere with the process of preparing diagnostic samples, 
a sample (5 × 5 mm with a thickness of 1 mm) was also 
separated from the tissue. Then, the sample was divided 
into two parts. One part was immediately transferred to 
Falcon tubes containing the standard solution, and the 
second sample was located on the lateral side of IORT 
emission.

So, there was a tumor in bystander condition. After 
termination of IORT, the sample was divided into 
two individual parts, and vital spheroids (prepared as 
described below) were made from them. Then, each 
sample was individually introduced to PIWFS (as below) 
and a standard culture media (Dulbecco’s modified 
eagles̓ medium (DMEM) + fetal bovine serum (FBS) 
10% solution), respectively. Results were evaluated by 
time-lapse microscopic imaging from proliferation and 
migration of both spheroids by some newly defined 
figures of merits, such as the number of the cells detached 
from the spheroids or progression size of the spheroids.

Sample preparation and wound fluid (WF) collection 
were performed for non-IORT samples (surgery without 
radiotherapy) according to the defined method except for 
IORT.

Two different parameters, called area and number of 
detached cells (NDCs), were determined and investigated 
to evaluate the spheroids’ vital and proliferative states.

Spheroid Preparation
Briefly, according to the standard protocol for spheroid 
preparation, the sample was cut into sections with 40–100 
μm dimensions using a mechanical method and a sterile 
scalpel and was then filtered using collagenase type 1. 
The sample was then transferred to AIM BIOTECHs̓ 
hydrogel medium (DAX-1, AIM BIOTECH, https://
www.aimbiotech.com/) and placed in a special chamber 
incubator at a temperature of 37°C with suitable humidity 
and oxygen volume. Two spheroids were obtained from 
each sample (A as case and B as control). Furthermore, 
the DMEM + FBS10% solution was only added within the 
first 24 hours.

Wound Fluid Collection
After IORT and breast reconstruction, a closed tubular 
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vacuum drain was placed in the tumor cavity and locked 
so that there were no secretion releases from the body 
during the first 24 hours. After 24 hours, the drain was 
unlocked, and wound secretions were collected in a 
sterile Falcon tube and were transferred to the laboratory 
by maintaining the cold chain and added to medium A 
after centrifugation and filtration. Medium B was still 
incubated by adding the DMEM + FBS10% solution.

Results
The four cases included in this investigation are 
introduced in Table 1 and comprise women with invasive 
ductal carcinoma (IDC) and double-positive phenotype 
(ER+, PR+, HER2:-).

Case ID #1 had IDC whose tumor spheroids were divided 
into two individual parts and were treated by the DMEM 
culture media and wound fluid seroma (obtained from the 
tumor cavity) of the patient, respectively (Figure 1). BCS 
had been carried out for the patient without IORT.

There was no significant difference between the two 
spheroids treated by the DMEM or non-IORT WF media 
regarding the spheroid growth and the number of the cells 
detached from the spheroid (movie Supplement 1).

Case ID #2 was a patient with IDC who underwent 
IORT (dose: 12 Gy) during BCS. Individual spheroids 

of the patient’s tumor were separately treated with the 
DMEM and PIWFS media. Results presented in (Figure 2 
and movie Supplement 2) show a further increment in SA 
and NDC for the spheroid treated by the PIWFS medium.

Case ID #3 was a case similar to ID #2. Again, the patient’s 
therapeutic regimen was BCS along with IORT (12 Gy). 
Analyses of spheroids revealed further proliferation in the 
patient’s PIWFS medium relative to the DMEM medium 
(Figure 3). Such hyperactivation induced in PIWFS-
treated spheroid was more significant than the similar 
spheroid from Case ID #2. 

Case ID #4 was a patient with IDC with similar 
phenotypes to Cases ID #2 and 3, but her spheroid 
showed no expansion or progressive functions in the 
DMEM culture medium (Figure 4), while the patient’s 
other spheroid treated with the patient’s PIWFS medium 
showed expanded size and hyperactivated detached 
and migrated cells from the spheroid (Figure 4). Such a 
distinct difference between the spheroids’ behavior in the 
DMEM and PIWFS media was not observed in the other 
patients. The results also revealed a significant increase in 
both the growth rate and the number of the isolated cells 
in the PIWFS medium.

In these four cases, the total mean spheroid growth was 
equal to 4.83 × 102 µm2 after exposure to PIWFS medium, 

Table 1. Demographic and pathologic characteristics of the samples and spheroid indices

Patient ID Age Pathology IHC IORT
Spheroid Area

DMEM
Spheroid Area

WFS 

No. of 
Detached Cells

DMEM

No. of 
Detached Cells

WFS

#1 55 IDC
ER: +
PR: +

HER2: -Ki67: 10-15%
– 0.3×102 µm2 0.4×102 µm2 0 0

#2 55 IDC
ER: +
PR: +

HER2: -Ki67: 5-10%
12Gy 0.12×102 µm2 1×102 µm2 0 5

#3 49 IDC
ER: +
PR: +

HER2:-Ki67:15-20%
12Gy 0.2×103 µm2 1.2×103 µm2 8 <40

#4 46 IDC
ER: +
PR: +

HER2: -Ki67: 15-20%
12Gy 0×102 µm2 1.5×102 µm2 0 4

IDC, Invasive ductal carcinoma; ER, Estrogen receptor; PR, Progesterone receptor; IORT, intraoperative radiation therapy; DMEM, Dulbecco’s modified eagles̓ 
medium; WFS, Wound Fluid Secretion.

Figure 1. Right panel: Microscopic image of tumor spheroid treated by the DMEM (top) and PIWFS (bottom) media over time. Left panel: Quantitative 
measurement of the size of spheroids over time. No drastic changes could be observed in spheroid progression between two media.
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and 0.6 × 102 µm2 after exposure to the DMEM + FBS10% 
solution. The mean number of the isolated cells was also 
more than 50 cells in the sample exposed to the PIWFS 
medium while it was equal to 2 cells in the samples treated 
by the DMEM + FBS10% medium.

Discussion
IORT directly affects the destruction of residual cancer 
cells in the tumor bed and has many indirect effects, 
mostly reported to be in favor of therapy. An essential 
effect of radiotherapy is the modulation of the immune 

system by disrupting the tumor’s defense mechanism 
against the immune system through releasing tumor-
associated antigens, activating natural killer cells (such 
as CD8+ cells), and secreting immune mediators, such 
as interferon-gamma.19-21 Besides, radiotherapy can lead 
to the secretion of a wide range of cytokines and other 
immune mediators by RT-targeted tumor cells and 
surrounding cells, such as tumor stromal endothelial cells 
and tumor-infiltrating lymphocytes.13

In addition to the “well-known” direct effect of IORT 
on tumor cells, indirect effects of radiation have also 

Figure 2. Right panel: Microscopic image of tumor spheroid treated by DMEM (top) and PIWFS (bottom) media over time. Left panel: Quantitative measurement 
of the size of spheroids over time. PIWFS culture medium significantly stimulated progression and migration of tumor spheroid relative to the DMEM culture 
medium.

Figure 3. Right panel: Microscopic image of tumor spheroid treated by DMEM (top) and PIWFS (bottom) media over time. Left panel: Quantitative measurement 
of the size of spheroids over time. PIWFS culture medium significantly stimulated progression and migration of tumor spheroid relative to the DMEM culture 
medium, which was much more significant than the progression observed for the spheroid of Case ID#2.

Figure 4. Right panel: Microscopic image of tumor spheroid treated by DMEM (top) and PIWFS (bottom) media over time. Left panel: Quantitative measurement 
of the size of spheroids over time. PIWFS culture medium significantly stimulated progression and migration of tumor spheroid relative to DMEM culture 
medium, which was similar to the progression rate observed in the spheroid of Case ID#3.
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been found exerted on neighboring cells and leading to 
microenvironmental changes.13 There are numerous factors 
involved in this phenomenon, known as the bystander 
effect, including cell-to-cell gap junctions, reactive oxygen 
species, and reactive nitrogen species (e.g., nitric oxide 
synthase), and increment in the level of many cytokines 
and chemokines. Although some of them are in favor of 
destructing cancer cells,19,20 others may help in the activation 
and proliferation of the non-treated remaining cancer cells 
in the tumor bed (e.g., transforming growth factor-beta, 
tumor necrosis factor-alpha, and interleukin 6).11

Although some reports have revealed that 
microenvironmental changes have an inhibitory effect 
on tumor growth,13 some researchers believe that the 
bystander effect mediators may induce tumor growth.22

Since microscopic foci of cancer cells, stem cells, and 
a range of pre-cancerous cells from atypical to ductal 
intraepithelial neoplasia grade 3 are likely to persist 
around the cavity side margin or surrounding tissues 
(especially about one cm from the primary tumor), this 
seroma may be essential to be investigated in interaction 
with suspicious cells. It is important to investigate 
the interaction between PIWFS and vital tumor cells 
independently. If some pre-cancerous or cancerous cells 
have remained alive after IORT in the tumor bed, how 
would PIWFS influence their vitality without considering 
the interactive parameters between immune cells and 
remaining neoplastic cells?

The main difference between this study and the other 
previous studies is that the patient-derived tumor cells 
were incubated with wound fluid obtained from the same 
patient’s tumor bed.

Our findings showed that the patients’ tumor cell 
spheroid was reconstructed, and its invasive functions 
were improved in the presence of PIWFS as they 
underwent growth spurts, migrated, and formed new 
colonies (Figures 2–4). Growth and proliferation of tumor 
spheroids treated with the DMEM medium were lower 
than those treated with the PIWFS medium.

These findings are not consistent with those of other 
studies, showing the need for deeper investigation on 
the hidden effects of PIWFS, both on tumor recurrence 
or its better remission in response to IORT. Therefore, 
the following questions are set forth: Does the radiation-
induced bystander effect always manifest itself in the form 
of tumor inhibition? What are the effects of cytokines and 
chemokines released during inflammation on neoplastic 
and immune cells? Will they have a cancer-suppressive 
or cancer-supportive role? The main experiment that will 
shed new light in this field is considering the patients’ 
surrounding immune cells’ response near their tumor cells 
in interaction with PIWFS. If the immune cells treated 
by PIWFS behave more aggressively in attacking the 
PIWFS- treated neoplastic cells, we can still hope for the 
therapeutic effects of PIWFS. Hence, further experiments 
must be done to elaborate the effect of cyto/chemokines 
in the presence of inflammatory environmental cells in 

the tumor bed in interaction with residual neoplastic cells, 
which is in progress by our research team. 

In conclusion, our results showed that in the absence 
of immune cells, vital neoplastic cells showed further 
progressed proliferative functions in the PIWFS medium 
compared to a standard culture medium. As this research 
was carried out using the tumor cells of the patients in 
interaction with PIWFS of the same patient and similar 
results were observed in all three IDC cases (who had 
been treated by BCS and IORT), it is necessary to focus 
on the probable non-desired effects of PIWFS in clinical 
samples. 

Although these results warn about the activation of 
remaining cancer cells in cavity side margins, the co-
existence of the activated immune cells in the cavity 
near the stimulated remaining tumor cells should also be 
investigated. The immune cells triggered by cytokines in 
the surgical region might invade the remaining cancer 
cells, and PIWFS may destroy the remaining cancer 
cells. This hypothesis will also be investigated in our 
future research. Finally, we need to answer the important 
question whether the residual PIWFS in a tumor cavity is 
beneficial or harmful.
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