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Simple Summary: Our study identified specific conditions for optimal cell viability in enzymatic
dissociation protocols across various endocrine tumors. For adrenal medullary tumors, the critical
factor was the dissociation time, with 20 min of incubation proving most effective. In the case of
adrenocortical tumors, using Collagenase IV or the MTDK enzyme kit, along with a post-dissociation
procedure involving a debris removal kit, resulted in higher cell viability. No significant patterns
were observed for thyroid carcinomas and pituitary neuroendocrine tumors, indicating that the
effectiveness of dissociation protocols may vary significantly depending on the tissue type and
its unique morphological characteristics. These findings underscore the importance of tailored
dissociation protocols for different tumor types to ensure optimal outcomes in cell isolation processes.

Abstract: The enzymatic dissociation of human solid tissues is a critical process for disaggregating
extracellular matrix and the isolation of individual cells for various applications, including the im-
mortalizing primary cells, creating novel cell lines, and performing flow cytometry and its specialized
type, FACS, as well as conducting scRNA-seq studies. Tissue dissociation procedures should yield in-
tact, highly viable single cells that preserve morphology and cell surface markers. However, endocrine
tissues, such as adrenal gland tumors, thyroid carcinomas, and pituitary neuroendocrine tumors,
present unique challenges due to their complex tissue organization and morphological features. Our
study conducted a morphological examination of these tissues, highlighting the intricate structures
and secondary degenerative changes that complicate the dissociation process. We investigated the
effects of various dissociation parameters, including the types of enzymes, incubation duration, and
post-dissociation purification procedures, such as debris removal and nontarget blood cell lysis, on
the viability of cells derived from different tumor types. The findings emphasize the importance
of optimizing tissue digestion protocols to preserve cell viability and integrity, ensuring reliable
outcomes for downstream analyses.

Keywords: enzymatic dissociation; endocrine tumors; morphological features; cell viability

1. Introduction

Isolating primary tumor cells is crucial for studying cell function in basic research [1]
and for investigating tumor pathophysiology in clinical and regenerative medicine [2,3].
The primary goal of dissociation is to disaggregate and isolate viable single cells, avoiding
cell clumping, aggregate formation, and the presence of debris or blood, thus ensuring the
reliability of subsequent analyses [4].
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The morphological features of endocrine tumor tissues present significant challenges
for enzymatic dissociation, particularly due to their complex and sensitive nature. En-
docrine tumors, including adrenal medullary and adrenocortical tumors, thyroid carcino-
mas, and pituitary neuroendocrine tumors (PitNETs), are characterized by intricate cellular
architectures with specialized structures and dense extracellular matrix (ECM) networks
rich in collagen and strong cell-cell adhesion [5,6]. Moreover, these tumors often exhibit
secondary degenerative changes, including hemorrhages, necrosis, hyalinosis, fibrosis,
calcification, and amyloid deposition that complicate the isolation process. The presence
of multiple, closely packed cell types further complicates the enzymatic separation of
individual cells without causing damage. Therefore, it is crucial to optimize dissociation
conditions, including the types of enzymes, dissociation time, and post-dissociation purifi-
cation procedures, tailored to each tissue type to ensure efficient cell isolation and preserve
cell viability.

To digest the extracellular matrix of complex endocrine tumors, specific proteolytic
enzymes are used, such as hyaluronidase, collagenases, dispase, trypsin, papain, and
DNase or commercial enzyme cocktails. These enzymes dissociate the cell–cell contacts
and the ECM-encompassing cells within the tumor tissue.

Collagenase types I and IV are crucial proteolytic enzymes extensively used for isolat-
ing primary cells from delicate tissues. They efficiently degrade collagen while preserving
cell surface markers and viability [7,8]. Hyaluronidase degrades hyaluronic acid in the
ECM, aiding in connective tissue dissociation and improving cell yield [9]. Trypsin is highly
effective for cell dissociation with high viability, although some antigens are sensitive to
its activity, potentially affecting downstream analyses [10]. Dispase targets fibronectin,
collagen IV, and other ECM proteins, making it suitable for isolating epithelial cells in
endocrine tumors [11]. Papain, a broad-spectrum proteolytic enzyme less destructive than
other proteases, digests various ECM components, facilitating the release of viable single
cells from diverse tissues [12]. DNase I prevents cell clumping by degrading DNA from
lysed cells [13]. Selecting the appropriate enzymes is crucial for preserving cell integrity,
viability, and surface markers during isolation.

Dissociation time is also a critical factor in tissue dissociation processes, significantly
impacting cell viability and states. Overexposure to enzymes can damage cell integrity,
functionality, and viability by activating stress signaling pathways, potentially introducing
artifacts that distort the transcriptional profiles of individual cells [14]. While efforts have
been made to mitigate these issues, they often remain limited to specific tissue types and
protocols, leaving many artifacts unaddressed and necessitating the further refinement and
validation of dissociation methods across diverse tissues.

Post-dissociation purification procedures such as debris removal (DRS) and red blood
cell lysis (RBCS) are important for the quality and viability of isolated cells. Debris removal,
based on density differences, allows viable cells to be separated from debris and dead
cells [15]. For blood cell lysis, hypotonic buffers selectively lyse red blood cells (RBCs) by
causing osmotic swelling and rupture, preserving the viability of other cells [16].

By using specific enzymes, precise incubation times, and post-dissociation procedures,
enzymatic dissociation facilitates the efficient separation of cells while preserving their
viability and molecular characteristics. This study assessed the impact of various enzymes,
including Collagenase I, Collagenase IV, and commercial enzyme kits from Miltenyi Biotec,
such as Multi Tissue Dissociation Kit (MTDK) and Neural Tissue Dissociation Kit (NTDK).
Additionally, we examined the effects of post-dissociation purification steps, such as
debris removal and nontarget blood cell lysis, on the viability of tumor cells. Other
factors that could influence cell viability, such as centrifugation, filtration, temperature
conditions, pipetting frequency, and chemical reagents, were consistent across all samples,
except for the number of samples per tissue type, which varied slightly and may have
had a minimal effect. Optimal dissociation parameters were identified for each type of
endocrine tumor tissue sample, enhancing cell viability and maintaining cellular integrity
for subsequent analyses.
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2. Materials and Methods
2.1. Tissue Sampling

A total of 51 human adrenal gland neoplasms (including 25 adrenocortical tumors
and 26 adrenal medullary tumors), 9 thyroid carcinomas, and 33 pituitary neuroendocrine
tumors (PitNETs) were obtained from the Endocrinology Research Centre in Moscow,
Russia (Figure 1). After sampling, the tissues were stored in a cold tissue storage solution
(Miltenyi Biotec) until dissociation. All patients had their tumor specimens definitively
diagnosed through imaging, surgery, and histopathological examination. Following the
Declaration of Helsinki, the institution’s ethics and research committee approved the
research protocol (Approval No. 16, dated 14.10.2020). All the study participants provided
written informed consent.
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Figure 1. Images of endocrine tumor samples. (A) Gross image of the adrenal medullary tumor.
1. A microscopic image of the adrenal medullary tumor with hyalinized stroma; H&E; ×180. 2. A
microscopic image of the adrenal medullary tumor with hemorrhage (blue dashed line); H&E; ×150.
3. A microscopic image of the adrenal medullary tumor hyalinized stroma (red dashed line) and
necrosis (blue dashed line). In the areas of tumor necrosis, there is a large number of segmented
neutrophils; H&E; ×150. (B) Gross image of the adrenocortical tumor. 1. A microscopic image of the
adrenocortical tumor with hyalinized stroma (blue dashed line); H&E; ×150. 2. A microscopic image
of the adrenocortical tumor with a large area of tumor necrosis. There is pronounced inflammatory
infiltration around the necrotic area; H&E; ×150. 3. A microscopic image of the adrenocortical tumor
with high fibrosis; H&E; ×180. (C) Gross image of the thyroid carcinoma. 1. A microscopic image of
the nodular thyroid hyperplasia. Proliferation of thyrocytes with the formation of papillary structures
and accumulation of colloid in follicles; H&E; ×80. 2. A microscopic image of the thyroid tissue with
hemorrhage; H&E; ×150. 3. A microscopic image of the papillary thyroid carcinoma with hyalinized
stroma (red dashed line) and calcification (blue dashed line); H&E; ×150. 4. A microscopic image of
the medullary thyroid carcinoma with the deposition of homogeneous eosinophilic masses (amyloid);
H&E; ×180. (D) Gross image of the PitNET. 1. A microscopic image of the PitNET with hemorrhage
(blue dashed line) and bone fragments (red dashed line); H&E; ×150.

2.2. Histopathological Examination

Tumor tissue samples were fixed in 10% buffered formalin (Leica Biosystems, Nus-
sloch, Germany), processed in the histological staining system of Leica ASP6025, and
embedded in paraffin (Leica Biosystems, Nussloch, Germany). Subsequently, paraffin
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sections with a thickness of 3 µm were cut from the paraffin-embedded tumor tissue sam-
ples using a microtome (Thermo Fisher HM 355 S, Thermo Fisher Scientific, Waltham,
MA, USA) and were applied to slides treated with poly (l-lysine). The slides were then
stained with hematoxylin (Leica Biosystems, Nussloch, Germany) and eosin (Leica Biosys-
tems, Nussloch, Germany) following the standard procedure. All histological slides were
scanned using a Leica Aperio AT2 system (Leica Biosystems, Nussloch, Germany) at 20×
magnification for further analysis.

2.3. Enzymatic Dissociation

Approximately 200–220 mg of fresh adrenal gland neoplasm, thyroid carcinoma,
or 7–10 mg of PitNET samples were washed in HBSS (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA); then, they were thoroughly minced on ice. The samples were then
placed in a dissociating solution at 37 ◦C with gentle pipetting every 5 min.

The adrenal gland neoplasm samples were dissociated using 25 uL of either enzyme
D Multi Tissue Dissociation Kit (MTDK) (Miltenyi Biotec, Bergisch Gladbach, Germany) or
enzyme A Neural Tissue Dissociation Kit P (NTDK) (Miltenyi Biotec, Bergisch Gladbach,
Germany) or 2 mg/mL of Collagenase IV (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) or Collagenase I (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) in a solution of
870 mM HBSS (Capricorn scientific, Ebsdorfergrund, Germany), 10% FBS (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), and 20 mM HEPES (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) for 20–35 min.

PitNET samples were dissociated with 10 uL of enzyme D MTDK (Miltenyi Biotec,
Bergisch Gladbach, Germany) or 2 mg/mL Collagenase IV (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) in a solution of 870 mM HBSS (Capricorn scientific, Ebsdorfergrund,
Germany), 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and 20 mM
HEPES (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for 7–15 min.

The thyroid carcinoma samples were dissociated using 35 uL of enzyme D MTDK
(Miltenyi Biotec, Bergisch Gladbach, Germany) in a solution of 870 mM HBSS (Capricorn
scientific, Ebsdorfergrund, Germany), 10% FBS (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), and 20 mM HEPES (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for
20–30 min.

The homogenate was filtered in 3–5 mL of Wash Buffer (1× DPBS (Sigma-aldrich,
Burlington, MA, USA), containing 10% FBS (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA), 20 mM HEPES (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and 6 mM
glucose (Millipore Sigma, Burlington, MA, USA)) through a prewetted 70 µm cell culture
filter (Miltenyi Biotec, Bergisch Gladbach, Germany) and then centrifuged for 5 min at
300× g (4 ◦C).

For samples with high blood and debris content, the red blood cells were lysed using
Red Blood Cell Lysis Solution (RBCS, Miltenyi Biotec, Bergisch Gladbach, Germany), and
dead cells were removed with the Dead Cell Removal Kit (DRS, Miltenyi Biotec, Bergisch
Gladbach, Germany). The cells were then counted and assessed for viability using trypan
blue staining on the Countess 3 (Thermo Scientific, Waltham, MA, USA). Lastly, the pellet
was resuspended in a Wash Buffer volume of 100–400 uL, depending on the pellet size.

2.4. Statistical Data Analysis

Comparisons of cell viability between dissociation time points were performed using
Welch’s one-way ANOVA (oneway.test function in R), followed by pairwise Welch’s t-tests
(t.test function in R). Pairwise Wilcoxon rank-sum tests (wilcox.test function in R) were
used to assess the differences in cell viability between samples grouped by enzyme type,
RBCS, or DRS. For the line graphs, the data are presented as mean ± SD. All reported
p-values were corrected for multiple testing using the Holm–Bonferroni method. Statistical
significance is shown in the figures: ****: p ≤ 0.0001; ***: p ≤ 0.001; **: p ≤ 0.01; *: p ≤ 0.05;
ns—not significant—p > 0.05.
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3. Results and Discussion
3.1. Influence of Morphological Features on the Dissociation Process and Cell Viability

The process of dissociating and isolating cells from tumor tissues is complicated by
various morphological features and secondary degenerative changes. Endocrine tumors
often exhibit dense extracellular matrices and strong cell–cell adhesions, which hinder
effective enzymatic dissociation. Additionally, the following aspects can further exacerbate
the challenges in tissue dissociation: secondary degenerative changes, such as hemor-
rhages, particularly in adrenal medullary tumors (Figure 1(A2)); PitNETs (Figure 1(D1));
thyroid carcinomas (Figure 1(C2)); necrosis and fibrosis (commonly found in various tissues
(Figure 1(B2,B3,A3))); hyalinosis, notably in adrenal gland tumors (Figure 1(A1,A3)); the cal-
cification and accumulation of colloid, commonly seen in thyroid tumors (Figure 1(C1,C3)),
etc. These changes are frequently observed in tumors of various localizations and arise
from multiple factors. For instance, rapid tumor growth can lead to the formation of inade-
quate blood vessels, resulting in insufficient oxygenation and subsequent tissue hypoxia.
This hypoxia particularly affects the central regions of tumors, causing necrosis due to
limited blood supply [17]. Hyalinosis, associated with prolonged hypoxia and inflamma-
tion, causes collagen fibers to merge into dense, homogenous masses, complicating tissue
digestion [18].

Specifically, dissociating PitNETs tissues is challenging due to the gland’s location in
the sella turcica, a cavity in the sphenoid bone. The surgical removal of pituitary tumors can
involve adjacent bone structures, leading to the presence of bone fragments in postoperative
samples. These factors, combined with hemorrhage, which often results from the tumor’s
inherent vascularity and the fragile nature of the blood vessels within it, complicate the
isolation of viable cells for analysis [19].

The enzymatic dissociation of adrenocortical tumors is challenging due to the presence
of a hyalinized stroma as well as in adrenal medullary tumors (Figure 1(B1,A1,A3)), fibrosis
(Figure 1(B3)) and high lipid content. The dense, fibrous extracellular matrix enriched
with hyaline restricts enzyme penetration, impeding the breakdown necessary for isolating
individual cells [20]. Furthermore, the high lipid content creates a physical barrier and
sequesters enzymes, reducing their effectiveness and complicating the purification process
by mixing with cellular debris.

In thyroid carcinomas, homogeneous eosinophilic amyloid deposits often arise due
to excessive calcitonin production by parafollicular C cells (Figure 1(C4)). These deposits
form insoluble fibrillar structures that accumulate in the intercellular space [21]. The pres-
ence of amyloid deposits, fibrous tissue, and psammoma bodies (calcifications)—calcified
concretions with a glassy, laminated appearance—creates substantial challenges during
enzymatic dissociation [22] (Figure 1(C3,C4)). The dense, fibrous stroma and insoluble
amyloid masses impede enzyme penetration, while the calcified psammoma bodies further
complicate the dissociation process, thereby reducing the efficiency of isolating viable cells.

These factors collectively hinder efficient tissue dissociation and lower the yield
of viable cells. Considering these morphological features and degenerative changes is
essential for effective enzymatic dissociation. The accurate assessment and appropriate
adjustment of the dissociation protocol, based on the tumor’s specific characteristics, are
necessary to improve enzyme penetration, enhance the breakdown of structural barriers,
and optimize the yield of viable cells. This involves selecting suitable enzymes, adjusting
dissociation time, and implementing effective post-dissociation purification procedures
for each tissue type.

3.2. Influence of Enzymatic Activity on Cell Viability

We assessed the impact of different enzymatic treatments on cell viability across
various endocrine tumor samples, including adrenal medullary (n = 26), adrenocortical
(n = 25), thyroid carcinoma (n = 9), and PitNETs (n = 33) (Figure 2). Our study utilized
enzymes, such as Collagenase I and IV, as well as commercial enzyme kits MTDK and NTDK
from Miltenyi Biotec. We used the trypan blue staining assay to measure cell viability.
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Figure 2. Representation of cell suspensions (n = 93) from four studied tumor tissue types, in-
cluding adrenal medullary and adrenocortical tumors, thyroid carcinomas, and PitNETs (pituitary
neuroendocrine tumors). The figure sequentially indicates the type of enzyme used, including
Coll I (Collagenase I), Coll IV (Collagenase IV), MTDK (Multi Tissue Dissociation Kit), and NTDK
(Neural Tissue Dissociation Kit), along with the dissociation time (min), cell viability (%), and post-
dissociation procedures. The post-dissociation procedures include RBCS +/− (Red Blood Cell Lysis
Solution) and DRS +/− (Dead Cell Removal Solution).

Specifically, MTDK and NTDK kits, as well as Collagenase IV, were tested on adrenal
medullary tumors. Collagenases IV and I, along with the MTDK kit, were tested on
adrenocortical tumors. The MTDK kit was used on thyroid carcinomas, and MTDK and
Collagenase IV were tested on PitNETs (Figures 2 and 3A). Our findings indicate significant
differences in cell viability for adrenocortical tumor samples treated with Collagenase I
and Collagenase IV, with means of 25.18 ± 6.23% and 66 ± 15.51%, respectively (p = 0.0039,
pairwise Wilcoxon rank-sum test) (Figure 3A; Tables S1 and S2 in the Supplementary
File). A similar significant difference in viability was observed between Collagenase I and
MTDK, with mean viabilities of 25.18 ± 6.23% and 65.75 ± 17.84%, respectively (Figure 3A;
Tables S1 and S2 in the Supplementary File).

Across all tumor types, there was a similar range of cell viability when comparing
Collagenase I and Collagenase IV, with mean viabilities of 25.18 ± 6.23% and 66 ± 15.51%,
respectively, demonstrating highly significant differences (p = 0.00007; pairwise Wilcoxon
rank-sum test). Additionally, strong significant differences were noted between Collagenase
I and MTDK enzymes, with means of 25.18 ± 6.23% and 65.75 ± 17.84%, (p = 0.000001,
pairwise Wilcoxon rank-sum test) (Figure 3A; Tables S1 and S2 in the Supplementary File).
Among the enzymes tested, Collagenase I resulted in the lowest cell survival rates across
all tissue samples, while Collagenase IV was associated with the highest survival rates,
indicating a superior preservation of cell viability.
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Figure 3. Comparison of the effects of various enzyme types and dissociation time intervals on the
viability of cell suspensions (n = 93) from four studied tumor tissue types. (A) Box plots compare
the influence of enzyme types, including Coll I (Collagenase I), Coll IV (Collagenase IV), MTDK
(Multi Tissue Dissociation Kit), and NTDK (Neural Tissue Dissociation Kit), on cell viability across
different tissue types: adrenal medullary tumor (n = 26), adrenocortical tumor (n = 25), PitNET
(n = 33) samples, and all tumor samples combined (n = 84). (B) Box plots compare the influence
of dissociation time intervals (min) on cell viability across tissue types: adrenal medullary tumor
(n = 26), adrenocortical tumor (n = 25), PitNET (n = 33), and thyroid carcinoma (n = 9) samples.
(C) The line graphs compare cell viability over dissociation time intervals (min) based on enzyme
types for the adrenal medullary tumor (n = 26), adrenocortical tumor (n = 25), PitNET (n = 33), and
thyroid carcinoma (n = 9) samples. Comparisons of cell viability between dissociation time intervals
were conducted using Welch’s one-way ANOVA (oneway.test function in R), followed by pairwise
Welch’s t-tests (t.test function in R). Pairwise Wilcoxon rank-sum tests (wilcox.test function in R) were
used to evaluate differences in cell viability between samples grouped by enzyme type, RBCS, or
DRS. The data in the line graphs are presented as mean ± SD. The statistical significance is indicated
as follows: ****: p ≤ 0.0001; **: p ≤ 0.01; *: p ≤ 0.05; ns (not significant): p > 0.05.

3.3. Influence Dissociation Time on Cell Viability

We further investigated the impact of dissociation time on cell viability by analyzing
samples from adrenal medullary tumors, thyroid carcinomas, adrenocortical neoplasms,
and pituitary neuroendocrine tumors (PitNETs). The evaluated incubation times were 20,
25, and 30 min for adrenal medullary tumors and thyroid carcinomas, 25 and 30 min for
adrenocortical neoplasms, and 7, 10, and 15 min for PitNETs. These intervals were selected
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based on the unique morphological characteristics of each tissue type, the enzyme type and
concentration, and the sensitivity of the cells.

Significant differences in cell viability were observed in adrenal medullary tumor
samples when comparing the 20 and 30 min dissociation times (p = 0.0013, pairwise
Student’s t-test). Specifically, mean viability decreased from 77.82 ± 16.3% to 47 ± 10.77%
(Figure 3B; Tables S1 and S2 in Supplementary File). Similarly, significant differences in cell
viability were observed in adrenocortical tumor samples when comparing the 25 and 35-min
(p = 0.00001; pairwise Student’s t-test) and the 30 and 35 min (p = 0.037; pairwise Student’s
t-test) dissociation times. Mean viability decreased from 74 ± 5.35% to 26.62 ± 6.82% and
from 51.08 ± 24.16% to 26.62 ± 6.82%, respectively.

These results indicate that extending the dissociation time to 35 min may compromise
cell viability, reducing it by less than 30%. Conversely, no significant correlation between
dissociation time and cell viability was noted for PitNET and thyroid carcinoma samples
(Figure 3B,C). This suggests that prolonged dissociation may negatively impact cell viability
in some tumor types while having negligible effects in others, highlighting the necessity
for optimizing dissociation conditions specific to each tissue type.

3.4. Influence of Additional Post-Dissociation Purification Procedures on Cell Viability

In order to optimize the preparation of isolated cells for subsequent analyses, we
assessed the impact of additional post-dissociation purification procedures, such as DRS
and RBCS, focusing on the elimination of nontarget and dead cells to preserve viable
ones (Figure 4). Our study found significant differences in cell viability between samples
processed with and without DRS (p = 0.03; Wilcoxon rank-sum test), with mean viabil-
ities of 66.32 ± 18.78% and 56.1 ± 21.76%, respectively (Figure 4A; Tables S1 and S2 in
Supplementary File). Notably, DRS significantly improved cell viability, especially in
adrenocortical tumor cells, where viabilities increased from 36.71 ± 23.6% to 59.91 ± 18.21%
(p = 0.032; Wilcoxon rank-sum test) (Figure 4A; Tables S1 and S2 in the Supplementary File).
This improvement is attributed to the reduction in mechanical stress on viable cells, the
minimization of potential contaminants, and the overall provision of a cleaner sample. Dur-
ing the dissociation of thyroid carcinoma, no debris was observed, so a post-dissociation
procedure using DRS to remove debris was deemed unnecessary.
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Figure 4. Comparison of the effects of the post-dissociation procedures: DRS (Dead Cell Removal
Solution) and RBCS (Red Blood Cell Lysis Solution) on the viability of cell suspensions from studied
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tumor tissue types. (A) Box plots compare the influence of DRS +/− on cell viability across adrenal
medullary tumor (n = 26), adrenocortical tumor (n = 25), PitNET (n = 33) samples, and all tumor
samples combined (n = 84). (B) Box plots compare the influence of RBCS +/− on cell viability across
adrenal medullary tumor (n = 26), adrenocortical tumor (n = 25), PitNET (n = 33) samples, thyroid
carcinoma (n = 9) samples, and all tumor samples combined (n = 93). Comparisons of cell viability
between dissociation time intervals were conducted using Welch’s one-way ANOVA (oneway.test
function in R), followed by pairwise Welch’s t-tests (t.test function in R). Pairwise Wilcoxon rank-
sum tests (wilcox.test function in R) were used to evaluate the differences in cell viability between
samples grouped by RBCS or DRS. Statistical significance is indicated as follows: *: p ≤ 0.05, ns (not
significant): p > 0.05.

In contrast, the examination of red blood cell removal revealed no significant differ-
ences in cell viability between samples treated with and without RBCS (Figure 4B). This
indicates that the RBCS procedure does not adversely affect the viability of target cells.
This finding aligns with the understanding that osmotic lysis selectively targets RBCs due
to the presence of the abundant membrane Cl−/HCO3

− anion exchanger known as Band
3, which is unique to mature RBCs [23]. Consequently, the removal of RBCs does not
compromise the integrity of other cell types in the sample.

4. Conclusions

Tissue dissociation is crucial for various areas of cell biology research. However, in
many cases, standardized dissociation methods for different tissue samples are lacking. In
our study, we focused on endocrine gland tumors, but there are numerous other human
and animal tissues with similarly complex morphological structures that can impact tissue
dissociation. When examining enzymes, we found that Collagenase IV and MTDK are
the most effective for dissociation while maintaining viability. These enzymes are suitable
for tissues with necrosis, permanent scar tissue, high lipid content, and increased hyaline
content. Despite the dense nature of these tissues, the timing of dissociation is crucial, as
prolonged dissociation can lead to loss of viability and cell death. The addition of RBCS
is essential, as it does not affect cell suspensions but significantly clears nontarget blood
cells from the suspension, making further work much easier. DRS should be used with all
tissue types as it improves cell survival and removes extrinsic noise from debris or dead
cells. It is important to note that our study has several limitations. One critical issue is the
challenge of selecting and accounting for all dissociation conditions to obtain a sufficient
number of viable cells, as tissues are often not uniform like cell lines. Other challenges
include the limited number of high-quality living cells in the original tissue, the inadequate
representation of various enzyme types in the laboratory, and difficulties in the quality,
normalization, and standardization of data. Despite these limitations, cell survival studies
are crucial, as cell suspensions are utilized in a wide range of modern research, including
the popular and cutting-edge method of studying the transcriptome of single cells. Our
research aims to streamline the production of whole, living single cells not only from
endocrine tissues but also from various other human and animal tissues.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biology13090665/s1, Table S1: Cell viability mean ± SD for all
sample groups and dissociation parameters; Table S2: Statistical data analysis of sample groups with
test names and p-values.
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