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Abstract: The first step to obtain a cellular suspension from tissues is the disaggregation procedure. 
The cell suspension method has to provide a representative sample of the different cellular sub-
populations and to maximize the number of viable functional cells. Here, we analyzed specific cell 
functions in cell suspensions from several rat tissues obtained by two different methods, auto-
mated–mechanical and enzymatic disaggregation. Flow cytometric, confocal, and ultrastructural 
(TEM) analyses were applied to the spleen, testis, liver and other tissues. Samples were treated by 
an enzymatic trypsin solution or processed by the Medimachine II (MMII). The automated–
mechanical and enzymatic disaggregation procedures have shown to work similarly in some tis-
sues, which displayed comparable amounts of apoptotic/necrotic cells. However, cells obtained by 
the enzyme-free Medimachine II protocols show a better preservation lysosome and mitochondria 
labeling, whereas the enzymatic gentle dissociation appears to constantly induce a lower amount 
of intracellular ROS; nevertheless, lightly increased ROS can be recognized as a complimentary 
signal to promote cell survival. Therefore, MMII represents a simple, fast, and standardized 
method for tissue processing, which allows to minimize bias arising from the operator’s ability. 
Our study points out technical issues to be adopted for specific organs and tissues to obtain func-
tional cells. 

Keywords: tissue disaggregation; mechanical disaggregation (Medimachine™), enzymatic dis-
aggregation; flow cytometry; confocal microscopy; transmission electron microscopy 
 

1. Introduction 
Tissues are highly complex ecosystems containing a diverse arrangement of cell 

subtypes. This has led to a rapid growth in studies attempting to capture cellular heter-
ogeneity, and thereby gain a better understanding of tissue and organ development, 
normal function, and disease pathogenesis [1,2]. 

Tissue dissociation and its related problems have been described and defined over 
110 years ago by Rous and Jones [3]. The first solid tumor disaggregation protocols gen-
erating viable cell suspensions were described in the late 1970s [4–6]; since then, various 
protocols have been elaborated [7–9]. These protocols are usually multistep procedures 
that involve one or a combination of mechanical, enzymatic, or chemical manipulations 
[8]. Enzymatic digestion commonly involves collagenase, hyaluronidase, dispase, tryp-
sin, or DNase. Mechanical methods of tissue dissociation are based on aspiration, vor-
texing, scraping, or tissue pressing [10–13]. 

It is important to maximize the number of viable cells and prevent cell aggregates. 
However, in the suspensions prepared by these methods, some cell types can be selec-
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tively damaged [14]. Moreover, since manual mechanical methods are opera-
tor-dependent, the results are not highly reproducible. Several researchers have found 
that methods involving a combination of gentle mechanical action with enzymatic 
treatment have rendered better results in terms of yield and cell type representation, 
minimizing cellular aggregation [14,15]. Nevertheless, they are time-consuming and re-
quire a lot of handling [16]. 

The Medimachine System (CTSV) is an automated mechanical disaggregation sys-
tem of solid human tissues without enzymes. The Medimachine spins the tissue in the 
Medicon filter (CTSV) to disaggregate tissue fragments into single cells. Below, we report 
some “historical” information on this instrumentation [17]. The use of the Medimachine 
II system is simple and intuitive: pop-ups depicting the various device options are visible 
on the touch screen and allow users to select whether to use the disaggregation or ho-
mogenization procedure, as described in the MM session. 

The mechanical disaggregation from CTSV (and, from other Companies [18]) was 
previously adopted and compared to enzymatic digestion for some specific tissues [19]. 

There are several enzymatic approaches for tissue disaggregation, which have been 
optimized for cell culture or mammalian tissues [20–22]. Enzymatic digestion by trypsin 
and collagenase was first described by Rodbell (1964) [23]. It is a diffused method for the 
degradation of the collagen network of tissue. This method has some disadvantages such 
as the relatively high costs of enzymes, purity and purification of the enzymes, its 
time-consuming nature, and not always yielding reproducible results [24,25]. Deleterious 
effects of enzymes on the phenotype and behavior of cells [26,27] were demonstrated. 
However, very recently, different research groups have found excellent performances of 
collagenase (type I and II) in single viable cell obtainment from dental pulp [28] and from 
the atria and ventricles from the rat heart [29], with the addition of minimal concentra-
tions of proteolytic enzymes. Indeed, cardiomyocytes, following a specific procedure, 
appeared viable and even cultivable [30], therefore preserving both proliferation and 
differentiation abilities. 

Furthermore, Kakebeen and coworkers [22] in comparing multiple enzymatic ap-
proaches to disaggregate tissues from Xenopus embryos, did not find a significant dif-
ference in performance between liberase, trypsin, and papain, recommending researchers 
to use other starting tissues or with different target cells to compare all three enzymes for 
performance in their specific application. 

We have given a rapid overview of the several options for performing tissue dis-
aggregation; in fact the goal of the present study was not to indicate one best approach, 
but to provide information regarding the advantages and disadvantages of the protocols 
that we applied and their impact on the different managed tissues. 

Indeed, since different groups adopted both the enzymatic and the mechanical ap-
proaches on some tissue, to improve cell yield and/or to minimize loss of viability, eval-
uations conducted in this study may be helpful to build the own “best performant pro-
cedure”, giving the suggestion of upstream-excluding one approach, due to any unde-
sirable events occurring downstream. 

The choice of enzymatic treatment with trypsin (a purely digestive enzyme with the 
ability to recognize different sites for the substrate) and the exclusion of treatment with 
collagenase can appear limiting, however, given the generic use of trypsin in the pro-
cesses of extracting cells from tissues and organs, we chose to apply this gentle enzymatic 
disaggregation to be compared with the automated–mechanical one, by Medimachine II. 

Tissue disaggregation remains one of the most important and problematic steps in 
solid tissue analysis by flow cytometry (FC). The method used for tissue disaggregation 
can have a definite impact on cell loss, viability, and different cell functions. 

FC represents a powerful tool for understanding the heterogeneity of tumoral and 
normal tissues [31]. Along with the ability to interrogate millions of cells and characterize 
rare populations with respect to the expression of multiple parameters comes the loss of 
information on tissue location. 
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Traditionally, flow cytometry has been used to study the liquid tissues, blood, and 
bone marrow, and tissues that can easily be made into single cell suspensions, such as 
spleen and lymph node. However, with mechanical and enzymatic tissue dissociation, 
flow cytometry can be used to study normal and malignant cells isolated from solid tis-
sue. The quality of the data depends on the careful preparation of samples, instrument 
calibration, and exclusion of sources of artifacts during data analysis. 

In this study, by means of FC (for functional evaluations) and morphological ultra-
structural analyses, we compared two frequently used methods of disaggregation, i.e., 
enzyme-free automated mechanical disaggregation (by Medimachine II) and low con-
centrations of the enzyme trypsin–EDTA (DNAse and BSA), to obtain a single cell sus-
pension from different rat tissues, including organotypic slice cultures. 

Flow cytometry experiments involving functional assays should be conducted 
shortly after the preparation of a single cell suspension or on cryopreserved live/thawed 
cells. The potential effects of cryopreservation should be tested in pilot experiments [21]. 

For these reasons, we also considered the possible impact of different disaggregation 
procedures on cryopreserved/thawed cells, in order to assess possible differences in post 
disaggregation freezing and thawing. These analyses are becoming increasingly im-
portant, as they would allow the most effective system to be developed to store bio-
material [32]. 

For instance, spermatogonial stem cells’ (SSCs) cryopreservation is an important 
method for the preservation of immature male fertility. However, freezing increases the 
production of intracellular reactive oxygen species (ROS) and causes oxidative damage to 
SSCs [30]. 

The functional cell response to the freezing and thawing processes may be influ-
enced by the previous disaggregative procedures applied on the specific tissue, mainly 
the kind of disaggregation. Therefore, cell functions and ultrastructure were evaluated 
also on cryopreserved/thawed samples obtained from automated mechanical and en-
zymatic protocols. 

2. Materials and Methods 
2.1. Animals 

Organs such as the spleen, testis, liver, and kidneys were harvested from freshly 
sacrificed Sprague-Dawley adult albino rats (Charles River, Milano, Italy) in accordance 
with the Italian law on animal experimentation (D.lgs. 26/2014; this research project was 
permitted with authorization N. 465/2015-PR by the Italian Ministry of Health). Spleen, 
testis, liver, and kidneys were uniformly minced with a scalpel to ~1 mm3 pieces. Minced 
tissue samples were then processed with the two disaggregation procedures. 

In addition, 7 day-old Sprague-Dawley rats were also used (research project per-
mitted with authorization N. 582/2020-PR by Italian Ministry of Health). From these 
animals, organotypic hippocampal slice cultures were prepared as previously described 
[33]. Briefly, hippocampi were dissected on ice and cut into 400 μm-thick transverse sec-
tions and plated onto Millicell culture inserts (0.4 μm Millicell-CM, Sigma Aldrich, St. 
Louis, MO, USA, Z354996-50EA). After preparation, hippocampal cultures were main-
tained for 2 weeks in a 37 °C humidified incubator gasified with a 5% CO2/95% O2 and 
with the culture medium being changed three times per week. Slices were then collected 
and processed with the two disaggregation procedures. 

2.2. Cell Suspension Preparation 
The Medimachine II instrument and Medicons disposable dissociators were sup-

plied by CTSV s.r.l. (Turin, Italy). The tissues were dissected into Petri dishes containing 
cold PBS and then cut into 1 mm3 pieces. 

For mechanical dissociation, 1 mm3 pieces of tissue were dissociated using the 
Medimachine System (CTSV s.r.l). In brief, disposable Medicon capsules that contain an 
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immobile steel mesh with approximately 100 hexagonal holes, framed by six micro-
blades, were filled with 1 mL of RPMI 1640 medium (Sigma Aldrich, St. Louis, MO, USA) 
before tissues were added. Medicons were then inserted into the Medimachine, and the 
machine was started. The Medimachine was run for a time ranging from 15 to 55 s at a 
constant speed of 100 rpm as described previously [34], resulting in an efficient cutting of 
the tissues. The cell suspension was aspirated with a syringe from the bottom part of the 
Medicon capsule. After the first run, 1 mL of medium was again added to the processed 
remaining tissue, and the cell fractions were subsequently pooled. 

Enzyme cocktails were prepared with PBS solution with trypsin–EDTA 0.125%, BSA 
5%, and DNAse 0.005%. 

Briefly: for enzymatic dissociation, tissue fragments were treated by trypsin solution 
(containing trypsin–EDTA 0.125%, BSA 5%, DNAse 0.005%) for different time duration 
(10–30 min for different tissues) at 37 °C in a Petri dish, resuspended in medium with 
serum and then were mechanically disaggregated with a pipette or syringe needle gently. 

Finally, both the cell suspension obtained from Medimachine and enzymatic pro-
cedure were filtered using a 70 μm Filcon (CTSV) for the brain, a 50 μm for liver, a 30 μm 
for spleen and kidney, and a 20 μm for testis. The steps of the two procedures and the 
final executed analyses are summarized in Figure 1, illustrating the different tissues 
processed in this study (spleen, kidney, liver, testis, cortical organotypic slices) and the 
applied technical approaches: flow cytometry, confocal microscopy and transmission 
electron microscopy. 

 
Figure 1. Scheme of the procedures applied for tissue disaggregation and for cell analyses (flow 
cytometry, confocal, and electron microscopy). 
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2.3. Flow Cytometric Analyses on Fresh Samples 
Cytometric experiments were performed with a FACSCanto II (BD) flow cytometer 

equipped with an argon laser (Blue, Ex 488 nm), a helium neon laser (Red, Ex 633 nm), 
and a solid-state diode laser (Violet, Ex 405 nm). The analyses were performed with the 
FACSDiva TM (BD) software. At least 10,000 cellular events were acquired for each 
sample. 

Cell viability was assessed by means of propidium iodide (PI; Sigma-Aldrich) and 
7-AAD staining. The cells were incubated for 10 min in the dark with PI 1 mg/mL and/or 
with 7-AAD (Beckman Coulter, USA). We detected the percentage of PI- or 
7AAD-positive events, obtaining a general index of cellular damage due to the different 
management of the samples. 

Mitochondrial characteristics were investigated through TMRE staining. Tetra-
methylrodamine ethyl ester perchlorate (TMRE) (Sigma-Aldrich) is a cationic dye that is 
capable of penetrating the mitochondria and generating a red–orange fluorescence as 
intense as the mitochondrial membrane potential. TMRE 40 nM was added to the sample 
15 min before the acquisition time. The samples were analyzed by flow cytometry using 
the appropriate fluorescence channel [35]. LysoTracker Green (LTG) dye (Thermo Fisher 
Scientific, USA) was used to mark and trace the lysosomes. The LysoTracker is an acido-
tropic and fluorescent probe which serves for the monitoring of acid organelles in living 
cells. The amount of fluorescence obtained by LysoTracker staining is directly propor-
tional to the volume of lysosomes in the cell [36]. LysoTracker 100 nM was used to mark 
the lysosomes and after 30 min of incubation, the green lysosomal fluorescence was de-
tected by flow cytometry and confocal microscopy [37]. 

The generation of reactive oxygen species was determined by the cytometric analy-
sis of cells labeled with CM-H2DCFDA (Thermo Fisher Scientific, USA), which is capable 
of detecting the generation of intracellular H2O2. The 5- (e-6) 
-chloromethyl-2,7-dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA) 
fluorescent probe is a membrane-permeable compound that is converted into a fluores-
cent, impermeable compound, H2DCF, by intracellular esterases. DCF (dichlorofluores-
cein) is a highly fluorescent compound produced by the oxidation of H2DCF by hydro-
gen peroxide. The amount of peroxide produced affects the intensity of DCF fluorescence 
inside the cells. CM-H2DCFDA was solubilized in DMSO (Sigma-Aldrich, USA) and then 
diluted in PBS and used at a final concentration of 5 μM for 30 min at 37 °C [38]. For each 
sample, at least 10,000 events were acquired thanks to the use of flow cytometry. 

2.4. Flow Cytometric DNA Content Evaluation on Ethanol-Fixed Cells 
Samples were fixed with cold 70% ethanol (−20 °C) and stored at 4 °C. At the time of 

analysis, samples were washed at least twice with PBS. The cell pellet was then resus-
pended in PBS containing propidium iodide (PI) 1 mg/mL and RNase 1 mg/mL. Finally, 
the sample was placed in a thermostatic bath at 37 °C for at least 30 min before acquiring 
events on the FACSCantoII cytometer. 

2.5. Confocal Microscopy Analysis and Transmission Electron Microscopy (TEM) 
Analyses were performed with a Leica TCS SP5 II confocal microscope (Leica Mi-

crosystem, Germany) with 488, 543, and 633 nm lasers. Cell morphology was analyzed 
with the same instrument by means of phase contrast microscopy. The images obtained 
by the instrument were processed and analyzed by means of ImageJ software (NIH, UK). 

For TEM investigations, the cells obtained from the two different disaggregations 
techniques were washed and fixed with 2.5% glutaraldehyde in 0.1 M phos-
phate-buffered saline for 1 h. The samples were post-fixed in 1% OsO4 for 1 h, dehy-
drated in alcohol, and incorporated into Araldite. Thin sections (60–80 nm) were stained 
with uranyl acetate and lead citrate and were analyzed using a Philips CM10 transmis-
sion electron microscope [39]. 
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2.6. Statistical Analysis 
Quantitative data are expressed as the mean ± SD based on at least three inde-

pendent experiments. Analysis of variance (ANOVA) approaches were used to compare 
values among more than two different experimental groups for data that met the nor-
mality assumption. One-way ANOVA or two-way ANOVA were followed by a Bonfer-
roni post-hoc test. A p-value <0.05 was considered significant. All statistical analyses 
were performed using GraphPad Prism 5.0 (GraphPad software, San Diego, CA, USA). 

3. Results and Discussion 
3.1. OVERALL CELL YIELD 

The use of counting beads [40] not only allowed us to evaluate the absolute count of 
the events but also to compare the size of the cells with the size of the beads (Dako Cy-
tocount: 5.2 μm and FlowCount beads: 10 μm). In this way, we could consider a size in 
micrometers for the events in the FSC vs SSC dot plot, although specific antibodies 
and/or markers are needed to distinguish all the cell types. The overall cell yield of the 
spleen, liver, testis, and kidney tissue are given in Figure S1, depicting the results from 
both the disaggregation procedures, and revealing higher cell numbers in the mechani-
cal–automated disaggregation. Our results are only in partial agreement with the previ-
ous literature [34,41], however we adopted a gentle enzymatic protocol, without colla-
genase, which affects cell proliferation and the phenotypic pattern of tumor tis-
sue-infiltrating immune cells (TTTII) [41]. This “weak” enzymatic disaggregation has 
shown to produce lower cell yields than the MMII procedures and with regard to more 
complex and “stronger” enzymatic protocols. 

3.2. SPLEEN 
The function of the spleen is to remove senescent red blood cells (RBCs) and circu-

lating foreign material such as bacteria or cellular debris [42]. In hematology, the spleen 
serves as an important reservoir of monocytes [43,44], platelets [45,46], and memory B 
cells [47]. The spleen is also a significant site of hematopoiesis throughout vertebrate 
evolution and during fetal development in humans [48]. The mouse splenic tissue was 
disaggregated by the two methods (enzymatic and automated mechanics—Medi -) in 
order to obtain a comparison. 

Furthermore, we processed both cryopreserved and fresh spleen samples, to high-
light the morphological changes occurring during cryopreservation. 

The experimental analysis carried out on fresh samples (Figure 2) allowed us to 
highlight two cell populations based on the size: big cells and small cells (Figure S2). 
Although our tests are mainly on cell functions and we did not evaluate antigenic profile, 
it is conceivable that the big cells are myeloid cells and small cells are lymphoid cells, in 
fact the frequencies of the cells are summarized in the Figure 1 and are consistent with 
both data from the literature and TEM analyses: in fact, besides APC, dendritic cells, 
macrophages, and monocytes [49], we found in marginal zone (MZ)-B cells in the rats 
that are slightly larger cells in terms of cell size [49]. 

Cells from the two methods of disaggregation were labeled by PI (Figure 2B) to 
evaluate cell surface damage. In Figure 2C,D, the morphological and ultrastructural 
characterization is shown, revealing well-preserved residual erythrocytes, with the 
characteristic biconcave disc morphology, in samples from the Medimachine II treat-
ment. Nevertheless, although some erythrocytes still remain in the cell suspension, we 
focused the analyses on the main cell population represented by splenocytes, resulting in 
a mixed population of cells, as mentioned above, after both Medimachine and enzymatic 
disaggregation. 
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Figure 2. Mouse splenocytes were disaggregated by Medimachine II and an enzymatic approach. 
(A,B) Flow cytometric data of percentage cellular subpopulation and cell surface damage and ul-
trastructural observations (C,L). The Medimachine II treatment allowed for the acquisition of nu-
merous splenocytes and well-preserved erythrocytes with the characteristic biconcave disc mor-
phology. Plasma membrane and nuclear shape (E–L) of splenocytes at TEM show a good mor-
phology. (C,D), Scale bars = 5 μm. Ultrastructural observations of the lymphocyte population after 
the Medimachine II (E,G,I) and enzymatic procedure (F,H,L). Morphology of the plasma mem-
brane and nucleus are well-preserved. Mitochondria and RER present a good structural feature. 
(E–G,L), Scale bars = 1 μm; (H,I), Scale bars = 2 μm. (M) Statistical histogram of lysosomal network. 
Two-way ANOVA with a Bonferroni’s multiple comparison test revealed significant difference (** 
p < 0.01, *** p < 0.001) between the Medimachine II and enzymatic procedure. (N) Statistical histo-
gram of mitochondrial membrane potential (Δψ-MMP). Two-way ANOVA with a Bonferroni’s 
multiple comparison test revealed a significant difference (** p < 0.01, *** p < 0.001) between 
Medimachine II and the enzymatic procedure. (O) Statistical histogram of intracellular ROS pres-
ence (H2O2 content). Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a 
significant difference (** p < 0.01, *** p < 0.001) between Medimachine II and the enzymatic proce-
dure. Protocol significance: Intracellular ROS ***; Lysosomes **; Mitochondria Membrane Potential 
**. 
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The lysosomal and mitochondrial behavior have been studied on both fresh (Figures 
2M,N) and frozen samples, by TMRE and Lysotracker dyes, respectively. TMRE is a cat-
ionic dye that penetrates the mitochondria, generating a red–orange fluorescence as in-
tense as the mitochondrial membrane potential. Lysotracker is a fluorescent acidotropic 
probe for the labeling and tracking of acidic organelles in live cells: it means that the 
amount of fluorescence obtained from the staining is directly related to the volume of 
lysosome-related organelles in a cell [36]. The statistical analysis shows a higher mean 
fluorescence intensity (MFI) of TMRE in samples obtained by the Medimachine II when 
compared to MFI values from Enzi. In particular, in the large cells (Figure 2N), a more 
extensive mitochondrial network was revealed, compared to the small cells, with higher 
TMRE MFI for the Medimachine II procedure. We also evaluated ROS content (Figure 
2O), since mitochondrial ROS are implicated in the modulation of immune responses 
[50,51]. They are also involved in the regulation of B cell functions [52] and plasma cells 
are prone to produce large amounts of immunoglobulins causing the production of in-
tracellular ROS [41], as macrophages and APC cells. The two procedures are equivalent 
for the detection of cell populations and the induction of cell damage, however they dif-
fer in lysosome and mitochondria network tracking; this was better revealed in cells ob-
tained by Medimachine II, and, concomitantly, a ROS increase was detected. 

3.2.1. Cultural Assay of Differently Isolated Splenocytes 
After obtaining the cell suspension following the two dissociation protocols and 

relative filtration, we separated the lymphocytes by density gradient centrifugation. The 
white ring of lymphocytes located between the two phases was collected and washed, 
then were treated with PHA and cultured for a week in RPMI, to stimulate proliferation 
[53]. 

We evaluated cell count and cell death in both control cultured cells, unstimulated 
and stimulated with PHA. On day one we found a slight increase in cell count in both 
experimental conditions, which was considered as being not relevant; after two days, 
PHA-treated samples showed an increase in count and low level of cell death (Figure 
3A,B). On day three, we detected the highest cell count in samples obtained by 
Medimachine disaggregation, this contemporary finding the greatest PI-positive per-
centage. After 7 days, a strong reduction in the number of PHA-stimulated cells was ev-
ident, for splenocytes from both the Medi and Enzi procedures, reaching the low num-
bers of unstimulated residual cells, with a simultaneous massive increase in cell death in 
each condition. 

 

Figure 3. (A) Fold-increase in cell number, calculated from absolute for both procedures and the 
treatment with PHA at 1 d, 3 d and 7 d. (B) Statistical histogram of the percentage of cell death at 1, 
3, and 7 d. Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant 
difference (*p < 0.05, ** p < 0.01, *** p < 0.001) between the Medimachine II/enzymatic procedure and 
the respective PHA-treated cells. 

Our data are in agreement with Autengruber and co-workers, finding that proteo-
lytic enzymes can induce molecular alterations affecting immune cell functions such as 
proliferation [54]. 

3.2.2. Cell Response of Differently Isolated Splenocytes to Cryopreservation  
and Thawing 

Since in many cases the storage of the cells obtained by tissue dissociation is man-
datory, to repeat the analyses or to postpone them, we evaluated the same functional 
parameters in the frozen–thawed isolated splenocytes, after 1 and 24 h of recovery. Data 
on cell surface damage (by PI uptake) (Figure 4A,B) appear strongly different from those 
obtained on fresh tissue, due to the Ficoll-gradient separation that we applied on each 
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sample before the cryopreservation (Figure 2A), however data are similar for cells ob-
tained by the two different procedures. 

Staining by PI and LTG (Figure 4A) allowed us to obtain good cytometric profiles for 
cells from both enzymatic and Medimachine II procedures, with the significantly highest 
LTG MFI values for Medi-obtained small and big cells (Figure 4C), confirming the find-
ings on fresh cells. 

The same analyses were performed on thawed splenocytes recovered after 24 h in 
RPMI, maintained in a humidified incubator 37 °C, 5% CO2. Apoptotic behavior ap-
peared here, strongly increasing the percentages of PI-positive events in a similar manner 
for Medi and Enzi samples (Figure 4D,E). Briefly, we can distinguish apoptotic cells [55] 
and necrotic cells in small cells (light purple events), whereas in big cells (green events) 
PI uptake exhibits a more brilliant fluorescence (+), suggesting a late phase of the apop-
totic process and/or secondary necrosis: both the freeze and thaw processes impose con-
siderable stresses on cells, which result in damage, metabolic dysfunction, and cell death 
[56]. These data point out that apoptotic enzymatic machinery is well preserved in cells 
by the two both procedures, since the percentages and distribution of PI positive events 
are similar. 

We evaluated mitochondrial potential and ROS production (Figure 5A,B), finding 
evident differences between the two procedures for both ROS content and mitochondria 
membrane potential. Again, the highest ROS content was registered in cells obtained by 
the Medimachine II protocol, however the ROS increase does not imply a higher rate of 
PI-positive cells, as previously observed. 

The disaggregation procedure should be gentle enough to maximize viability and 
minimize biologic alterations, yet robust enough to optimize cell yield and ensure that 
the final product accurately represents the in vivo cellular populations [57], therefore we 
can conclude that rat spleen disaggregation is efficiently performed by both procedures, 
as confirmed also by the flow cytometric DNA content evaluation (Figure 5C); these pe-
culiar differences should be evaluated by the operator, and the selection of the procedure 
for the functional tests should take into account the cell response to disaggregation 
treatments. 
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Figure 4. (A) Contour plot LTG versus PI on small cells and big cells for Medimachine II and en-
zymatic protocols of thawed/unfrozen splenocytes. (B) Statistical histogram of cell surface damage. 
(C) Statistical histogram of lysosomal network. Two-way ANOVA with a Bonferroni’s multiple 
comparison test revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II 
and enzymatic procedure. (D) Contour plot LTG versus PI on small cells and big cells for 
Medimachine II and enzymatic protocols of thawed/unfrozen splenocytes after 24 h recovery. (E) 
Statistical histogram of cell surface damage percentage. (F) Statistical histogram of lysosomal net-
work. Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant dif-
ference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic procedure. 
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Figure 5. (A) Contour plot DCF versus TMRE on small cells and big cells for Medimachine II and 
enzymatic protocols of thawed/unfrozen splenocytes (Blue box above). Contour plot DCF versus 
TMRE on small cells and big cells for Medimachine II and enzymatic protocols of thawed/unfrozen 
splenocytes after 24 h recovery (Red box above). (B) Statistical histogram in blue box below of mi-
tochondrial membrane potential (Δψ-MMP) and intracellular ROS presence (H2O2 content) of 
thawed/unfrozen splenocytes. Statistical histogram in red box below of mitochondrial membrane 
potential (Δψ-MMP) and intracellular ROS presence (H2O2 content) of thawed/unfrozen spleno-
cytes after 24 h recovery. Two-way ANOVA with a Bonferroni’s multiple comparison test revealed 
a significant difference (** p < 0.01, *** p < 0.001) between the Medimachine II and enzymatic pro-
cedures. Under flow cytometry histograms of cell cycle analyses of both procedures. (C) Flow cy-
tometry histograms of cell cycle analyses of both procedures of fresh spleen cells. 
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3.3. TESTICLE 
Our comparative data related to testicular tissues (TT) may provide useful sugges-

tions for peculiar techniques such as in vitro spermatogenesis (IVS) [58,59]. To keep all 
options available, TT sampling is recommended, based on the literature. 

We focused on the analysis of fresh tissue, evaluating the lysosomal content (by 
LTG), the mitochondrial network (by MTR) and the reactive oxygen species—ROS (by 
DCFDA) (Figure 6A,B). In fact, testicular and epididymal functions have been reported to 
be sensitive to the levels of ROS [50–52]. Therefore, maintaining a balanced redox state is 
critical for normal male reproductive functions [60]. 

The analyses carried out on rat testis allowed us to obtain two subpopulations of 
cells that were different in size: large and small cells. Taking into account the heteroge-
neity of the gonadal tissue and the morphologic/ultrastructural analysis, we can assume 
the large cells are the Sertoli cells and the still undifferentiated germ cells (Primary 
spermatocytes) and that the small cells are the spermatozoa and/or spermatids (Figure 
6A). 

The cytometric and morphologic analyses highlight as follows: large cells show a 
higher lysosomal content than small cells, revealing a higher content in lysosomes (Fig-
ure 6B). The Medi protocol demonstrates the better detection of lysosomes in small cells 
and significant lower percentages of PI+-damaged cells (Figure 6C). On the contrary, the 
enzymatic protocol highlights a brighter acid compartment (and fewer PI-positive 
events) in large cells. Mature spermatozoa exhibit the acrosome as a lysosome-like 
structure and the scenario drawn by our data is in agreement with the literature [61], 
which delineate interactions of acrosomal activity of sperm with several enzymes, in-
cluding trypsin. Of note, the larger cells (Sertoli, Leydig, germ cells in the first steps of 
maturation) do not seem particularly sensitive to this enzymatic pretreatment. 

In particular, the ultrastructure showed healthy Sertoli cells with an indentation in 
their cytoplasm enveloping the adjacent germinal elements (Figure 7). Prosecretory 
granules and mitochondria are scattered throughout the cytoplasm. [62]. Indeed, a 
greater content in lysosomes is consistent with the peculiarities of Sertoli cells. In fact, 
during spermatogenesis, most male germ cells undergo apoptosis, and the cytoplasmic 
portions of the elongating spermatids are shed as residual bodies, and are phagocytosed 
by Sertoli cells. After phagocytosis, they fuse with the abundant lysosomes and are recy-
cled as energy sources for ATP production [63]. 

Mitochondria were also studied by flow cytometry and MTR staining: Figure 6C 
highlights significantly higher MTR MFI values in small cells (spermatozoo/spermatids) 
obtained by Medi disaggregation, whereas for big cells, the two procedures gave similar 
results. This better preservation of the mitochondrion (by mechanical automated proto-
col), cannot be understated, given the key role of this organelle for cellular homeostasis 
and sperm motility [64]. In fact, it is fundamental not only for sperm motility, but also for 
hyperactivation, capacitation, acrosome reaction, and fertilization [65]. 

Similarly, ROS were evaluated by the DCF dye (Figure 6D). The data obtained are in 
agreement with the literature [66], describing two proteins, semenogelin I and II, being 
abundantly expressed in the testicle, that may be altered by various enzymes such as 
trypsin. These proteins target the cell’s ROS-generating systems [67]. Microscopic analy-
sis depicts a well-preserved sperm, for both protocols employed (Figure 6E,F), with a 
clear morphology of the rat sperm head and the midpiece, as detailed in Figure 6A, 
modified from [68]. Finally, histograms in Figure 6G show the DNA content of the 
Medimachine II and enzymatic-treated cells. In the first one, the different DNA amounts, 
typical of the different phases of the mitotic process, were well detectable, as described 
by Casuriaga and co-workers [16], on the contrary the same peaks were not observable 
for the cells obtained by the enzymatic treatment. Therefore, we concluded that the 
Medimachine II approach is optimally suitable for the testis disaggregation. Our data are 
in strong agreement with other groups [19,69,70]. 
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Figure 6. (A) A cartoon of a mature sperm of a rat. (B) Statistical histogram of the lysosomal net-
work. Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant dif-
ference (** p < 0.01, *** p < 0.001) between the Medimachine II and enzymatic procedure. (C) Statis-
tical histogram of mitochondrial compartment. Two-way ANOVA with a Bonferroni’s multiple 
comparison test revealed a significant difference (** p < 0.01, *** p < 0.001) between the Medima-
chine II and enzymatic procedure. (D) Statistical histogram of intracellular ROS presence (H2O2 
content). Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant 
difference (** p < 0.01, *** p < 0.001) between the Medimachine II and enzymatic procedure. Protocol 
significance: Lysosomes **; Intracellular ROS **; Mitochondria Membrane Potential ***. (E,F) The 
analysis under a confocal microscope made it possible to highlight the sperm head, with the typical 
hook shape, allowing us to appreciate the preserved integrity of the tail, both with the enzymatic 
and mechanical dissociation procedure. (G) Flow cytometry histograms of cell cycle analyses of 
cells from both procedures. 
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Figure 7. Ultrastructural study of the cells from the testicle after Medimachine II (A,B) and enzy-
matic procedures (D). In both methods, one can observe the close relationship between spermato-
zoa and/or spermatids and spermatogonia and/or Sertoli cells. Sperm heads showing a well-shaped 
nucleus with condensed chromatin are visible. The tail is recognizable. (A), Scale bar: 500 nm; 
(B,D), Scale bars: 2 μm. (C) Statistical histogram of cell surface damage percentage. Two-way 
ANOVA with Bonferroni’s multiple comparison test revealed significant difference (* p < 0.05, *** p 
< 0.001) between Medimachine II and enzymatic procedure. 

Cell Response of Differently Isolated Testis Cells to Cryopreservation and Thawing 
Analysis of lysosomal content was also carried out on the cryopreserved/thawed rat 

testicle cells (Figure 8A). The statistical data obtained confirmed that cryopreservation 
and thawing do not allow optimal results for cell function evaluations or evaluations of 
cell morphology, neither with the previous application of enzymatic disaggregation nor 
of mechanical dissociation, as the freezing process is the process that is responsible for 
the changes that take place in the structure and function of the cells. Nevertheless, Figure 
8A–C highlights that the cells obtained by the Medimachine II disaggregation system 
highlight a better-detectable lysosomal network and, unexpectedly, a reduced ROS level, 
in both small and big cells. 

Figure 8D,E shows the ultrastructure of the sperm tail, in fresh (Figure 8D,E) and 
frozen cells (Figure 8F,G). The microtubules are arranged in a central axoneme with two 
central single microtubules and nine peripheral double microtubules. Surrounding the 
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microtubules are dense fibers, which provide rigidity and protection to the tail. Next is a 
layer of mitochondria which provides the energy for movement. Finally, the tail is 
wrapped in a protective outer sheath. 

 
Figure 8. (A) Statistical histogram of lysosomal network. Two-way ANOVA with a Bonferroni’s 
multiple comparison test revealed a significant difference (* p < 0.05,) between the Medimachine II 
and enzymatic procedure. (B) Statistical histogram of mitochondrial compartment. Two-way 
ANOVA with a Bonferroni’s multiple comparison test revealed a significant difference (* p < 0.05) 
between the Medimachine II and enzymatic procedure. (C) Statistical histogram of intracellular 
ROS presence (H2O2 content). Two-way ANOVA with a Bonferroni’s multiple comparison test re-
vealed a significant difference (p < 0.05) between the Medimachine II and enzymatic procedure. 
Protocol significance: Lysosomes *; Intracellular ROS *. (D,E) TEM micrographs of fresh samples 
showing a cross-section of a mouse sperm tail with normal axonemal pattern (showing the regular 
microtubule organization with nine microtubule doublets surrounding the central pair (9  +  2)). 
(F,G) TEM micrographs of cryo-sample showing a cross-section of a mouse sperm tail with normal 
axonemal pattern. Scale bars: 500 nm. 
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3.4. LIVER 
Rat liver was processed by both disaggregation procedures. The gating strategy in 

Figure 9A allowed for the exclusion of the most of debris to select the main cell popula-
tions. Bigger cells scattered in the FSC vs. SSC dot plots were dimensionally compared to 
counting beads of 10 microns: these appear as orange areas, whereas the red area repre-
sents the liver cell population and the blue represents the blood cells’ population. Pro-
pidium iodide staining at concentrations of 50 microgram/mL was applied to detect, as 
mentioned, not only the interruptions in the integrity of the plasma membrane, but also 
to distinguish necrotic and apoptotic cells, as observed in spleen samples (Figure 9E). 
These PI concentrations are able to highlight the nuclei also inside intact cells, as detected 
in Figure 9B by fluorescence microscopy, however, flow cytometric quantification can 
easily distinguish among dim, intermediate, and high fluorescent events, the latter rep-
resenting the cells with membrane damage. 

Figure 9E reveals lower percentages of damaged small (blood) cells and big 
hepatocytes after Medimachine II disaggregation. For liver sample management, before 
the analysis of lysosomal and mitochondrial functions and ROS levels, we report data on 
liver cell autofluorescence (Figure 9C,D). Autofluorescence (AF) emission of liver tissue 
depends on the presence of endogenous biomolecules that are able to fluoresce under 
suitable light excitation. Overall autofluorescence emission contains considerable infor-
mation of diagnostic value because it is the sum of autofluorescence contributions from 
fluorochromes involved in metabolism, (i.e., NAD(P)H, flavins, lipofuscins, retinoids, 
porphyrins, bilirubin, and lipids) [71]. The interaction of biological tissues with electro-
magnetic radiation in the near-UV (≈300–400 nm), visible (≈400–700 nm), and near-IR 
(≈700–1100 nm) range gives rise to optical events, including light reflection, scattering, 
and absorption. We particularly consider cellular autofluorescence at different wave-
lengths: FITC (filter 530/30 DM 502 LP); PE (filter 585/42 DM 556 LP); PerCP-Cy5. (filter 
670 LP; DM 655 LP), three ranges of emission from the 488 nm laser excitation, corre-
sponding to the range of emission of the fluorescent probes employed in this study 
(Figure 9C). We have not compared healthy and pathologic liver tissues, however, we 
have analyzed autofluorescence and verified that enzymatic treatment increases the MFI 
values: this finding could be important because cellular AF varies with the cellular 
morphology, as well as with the metabolic and pathological states of cells, therefore, it 
can be used for diagnostic purposes [72] and should not be modified by dissocia-
tion/extraction procedures. 

Lysosomes and mitochondrial behavior (Figure 9F,G) highlighted similar results for 
both disaggregation procedures, with the exception of the acidic compartment in small 
(blood) cells, which was better detected in the Medi-treated samples, and ROS content, 
which was higher in cells obtained by the same automated–mechanical protocol (Figure 
9H). The confocal microscopy inset depicts a well preserved cell morphology and the 
fluorescent, massive mitochondrial network of the hepatocytes (Figure 9I). 
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Figure 9. (A) Gating cell populations of blood cells (small cells, Blue), hepatocytes (big cells, Red) in 
the SSC versus FSC contour plot, distinguished by beads’ size (beads, Orange) for the further 
analysis. (B) Representative microscopic pictures (bright field) of hepatocytes obtained from both 
procedures, the nucleus (red) was stained with propidium iodide. (C) Representative cytometric 
histograms of hepatocytes autofluorescence for both procedures in Fitc, PE, Percp. (D) Statistical 
histogram of hepatocytes related autofluorescence for both procedures in Fitc, PE, Percp. (E) Sta-
tistical histogram of cell surface damage percentage. Two-way ANOVA with a Bonferroni’s mul-
tiple comparison test revealed a significant difference (* p < 0.05, ** p < 0.01, *** p < 0.001) between 
the Medimachine II and enzymatic procedure. (F) Statistical histogram of lysosomal network. 
Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant difference (* 
p < 0.05, ** p < 0.01, *** p < 0.001) between the Medimachine II and enzymatic procedure. (G) Statis-
tical histogram of mitochondrial membrane potential (Δψ-MMP). Two-way ANOVA with a Bon-
ferroni’s multiple comparison test revealed a significant difference (* p < 0.05, ** p < 0.01, *** p < 
0.001) between the Medimachine II and enzymatic procedure. (H) Statistical histogram of intra-
cellular ROS presence (H2O2 content). Two-way ANOVA with a Bonferroni’s multiple comparison 
test revealed a significant difference (p < 0.05, ** p < 0.01, *** p < 0.001) between the Medimachine II 
and enzymatic procedure. Protocol significance: Lysosomes *; Intracellular ROS ***. (I) Repre-
sentative confocal imaging of the TMRE-related fluorescence of hepatocytes obtained by the 
Medimachine II and enzymatic methods. 

To deeply characterize the morphology of the cells, since the precise identification of 
the cells, by means of mAb labeling, is lacking, we analyzed the samples by TEM. Ultra-
structures are shown in Figure 10A (Medi-sample); the cell shows a well-preserved nu-
cleus with euchromatin, heterochromatin, and nuclear pores within the nuclear mem-
brane. A massive amount of mitochondria and peroxisomes are appreciable. In Figure 
10B (Enzi sample) two hepatocytes are detectable: the first one appears with vacuolated 
cytoplasm, enriched in mitochondria, the second shows also some cisternae of the endo-
plasmic reticulum and golgi apparatus. The great amount of mitochondria, labeled by 
Mitotracker Green, is further underlined by the confocal image (Figure 10C). As men-
tioned, the disaggregation procedures led to a cell suspension with residual blood cells 
(Figure 10D). DNA content evaluation was efficiently performed in both the procedures 
(Figure 10E). 

Since the liver is one selected organ on which we will continue the study, we em-
ployed different types of Medicons (with 50 μm steel blades and different polymer 
blades) (Figure S3). 

These additional analyses suggest that a gentler mechanical dissociation could 
minimize the level of cell autofluorescence, collected particularly for FITC and PE. Fur-
thermore, polymer blades demonstrated also a reduced impact on cell integrity and a 
weaker ROS induction (Figure S3B,E). 
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Figure 10. (A) Transmission electron microscope section of a hepatocyte obtained from disaggre-
gation by Medimachine II. (B) Transmission electron microscope section of a hepatocyte obtained 
from enzymatic dissociation. (C) Confocal section of liver cells obtained from disaggregation with 
Medimachine II, in green MTG-labeled cytoplasm and in red PI-labeled nuclei. Scale bar: 10 μm. 
(D) Transmission electron microscope section of a lymphocyte obtained from enzymatic procedure. 
(A,B,D). Scale bars: 2 μm. (E) Flow cytometry histograms of cell cycle analyses of both procedures. 
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Cell Response of Differently Isolated Liver Cells to Cryopreservation and Thawing 
Cryopreservation remains the best option for the long-term storage of hepatocytes, 

providing a permanent and sufficient cell supply. However, isolated adult hepatocytes 
are poorly resistant to such a process, with a significant alteration both at the morpho-
logical and functional levels [73]. As expected, cytoplasmic vacuolization increased 
(Figure 11 A,B) as a result of dehydration, which is typical of cryopreservation, although 
with the auxilium of DMSO and a considerable amount of FCS. Blood cells, as known, are 
less affected by the freezing and thawing (Figure 11C,D). 

Figure 11E-N highlights results from surface cell damage (PI positivity), mitochon-
drial and lysosomal networks, together with ROS content, unexpectedly pointing out that 
Medimachine II-obtained cells show, in such preparations, a minor amount of ROS in 
respect of the mild enzymatic treatment. For the other parameters, the two both tech-
niques seem almost equivalent, except for the lysosomal detection, once again empha-
sized in cells from mechanical automated protocols. 
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Figure 11. Ultrastructural study of the cryo cells from the liver. (A,B) TEM of an ultrathin section of 
hepatocytes with nucleus and many mitochondria in both procedures; Scale bars: 2 μm. (C,D) TEM 
of an ultrathin section of blood cells (lymphocytes) with nucleus and many mitochondria. Scale 
bars: 1 μm. (E) Statistical histogram of cell surface damage percentage of hepatocytes. Paired t-test 
revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic 
procedure. (F) Statistical histogram of intracellular ROS presence (H2O2 content) of hepatocytes. 
Paired t-test revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and 
enzymatic procedure. (G) Statistical histogram of lysosomal network of hepatocytes. Paired t-test 
revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic 
procedure. (H) Statistical histogram of mitochondrial membrane potential (Δψ-MMP). Paired t-test 
revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic 
procedure. (I) Statistical histogram of cell surface damage percentage of blood cells. Paired t-test 
revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic 
procedure. (L) Statistical histogram of intracellular ROS (H2O2 content) in blood cells. Paired t-test 
revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic 
procedure. (M) Statistical histogram of lysosomal network of blood cells. Paired t-test revealed a 
significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic procedure. 
(N) Statistical histogram of mitochondrial membrane potential (Δψ-MMP) in blood cells. Paired 
t-test revealed a significant difference (* p < 0.05, ** p < 0.01) between the Medimachine II and en-
zymatic procedure. (G) Statistical histogram of mitochondrial membrane potential (Δψ-MMP). 
Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant difference (* 
p < 0.05, ** p < 0.01) between the Medimachine II and enzymatic procedure. (H) Statistical histogram 
of intracellular ROS presence (H2O2 content). Two-way ANOVA with a Bonferroni’s multiple 
comparison test revealed a significant difference (*p < 0.05, ** p < 0.01) between the Medimachine II 
and enzymatic procedure. Protocol significance: Lysosomes *; Intracellular ROS ***. 

3.5. OTHER TISSUES 
Kidney and Organotypic Hippocampal Slice Cultures 

Mouse kidney tissue was disaggregated by the two methods. This study represents 
an initial approach, since, as is this is often applied also for the liver, the kidney should be 
initially perfused, an approach that we have not applied in these preliminary kidney 
studies, 

Briefly, the fresh rat cortical kidney sample was disrupted with Medicons 50 μm 
with a program of 40 s with a subsequent 10 s wash and filtered by a 30 μm Filcons filter, 
to discard aggregates and the largest debris. 

Cell populations were selected, with a strategy that was able to exclude most of the 
debris. Figure 12A illustrates the distribution of cells obtained from kidney tissue, on FSC 
vs. SSC cytograms. We cannot define precisely which kidney cells they are, however in 
the kidney we know that endothelial, epithelial, mesangial, and podocyte cells coexist. 

The ultrastructural analyses highlight a good morphology of an epithelial cell (Fig-
ure 12F), with typical microvilli (►), whereas in Figure 12F, the cell appears with cyto-
plasmic protrusion (→). Furthermore, a plethora of mitochondria, typical of various 
types of renal cells (epithelial of the proximal and distal tubule), are well detectable. 

As usual, blood cells still remain in the final cell suspension (Figure 12L,M). Both 
enzymatic and automated mechanical protocols gave similar results for the TEM analysis 
and flow cytometric evaluation of cell functions. The percentage of PI-positive cells is low 
in both methods; however, it is even negligible in cells obtained by the enzymatic pro-
cedure (Figure 12B). Intriguingly, the data related to overall cell yields show that cell 
counts derived by the Medimachine II treatment are two-fold higher than those obtained 
by enzymatic dissociation. This finding suggests that the more damaged cells from the 
enzymatic method were definitely lost 

Finally, the DNA content of cells obtained by the Medimachine II, shows CV (coef-
ficient of variation) lower than the samples treated with enzymatic procedure (Figure 
12N): this is able to simplify the possible application of this technical approach. 
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Figure 12. Study of fresh kidney. (A) Gating cell populations of small cells (green) and big cells 
(red) in the SSC versus FSC density plot for the further analysis. (B) Statistical histogram of cell 
surface damage percentage. Two-way ANOVA with a Bonferroni’s multiple comparison test re-
vealed a significant difference (** p < 0.01) between the Medimachine II and enzymatic procedure. 
(C) Statistical histogram of lysosomal network. Two-way ANOVA with a Bonferroni’s multiple 
comparison test revealed a significant difference (** p < 0.01) between the Medimachine II and en-
zymatic procedure. (D) Statistical histogram of mitochondrial membrane potential (Δψ-MMP). 
Two-way ANOVA with a Bonferroni’s multiple comparison test revealed a significant difference 
(** p < 0.01) between the Medimachine II and enzymatic procedure. (E) Statistical histogram of in-
tracellular ROS presence (H2O2 content). Two-way ANOVA with a Bonferroni’s multiple compar-
ison test revealed a significant difference (** p < 0.01) between the Medimachine II and enzymatic 
procedure. (F,G) In both procedures, it is possible to distinguish cells from proximal convoluted 
tubules characterized by a relatively short brush border. Scale bar = 1 μm (H,I). Detail of the rich-
ness in the mitochondria of these cells and good conditions of preservation of cell and mitochon-
drial membranes. E, Scale bar = 1 μm; F, Scale bar = 500 nm. (L,M) TEM of leukocytes from the 
disaggregation procedures Scale bars = 2 μm. (N) Flow cytometry histograms of cell cycle analyses 
of both procedures. 

Results on cryopreserved/thawed kidney cells are shown in the supplementary ses-
sion (Figure S4), showing Medimachine II-treated samples with cytoplasmic dehydration 
to a lesser extent than enzymatically obtained samples. 

For starting evaluations on organotypic hippocampal slice cultures, we considered 
the overall condition of the samples and cell morphology. Both flow cytometry and 
confocal microscopy enabled us to distinguish between two subpopulations, named 
small and big cells, in the first phase of the investigations (Figure 13A–C). 

To ensure that small and big cells’ distinction was not due to the chosen method of 
disaggregation, we compared the mechanical and enzymatic procedures for specific pa-
rameters such as cell size, morphology and TMRE and LTG fluorescence. Figure 13 
highlights that both procedures guarantee similar results, though several researchers 
have published that automated-mechanical technical approach should be preferred due 
its efficiency to obtain single-cell suspensions from mouse brain tissue [74]. 

To verify if the differences observed in cell sizes could be correlated to different 
cellular lineage (i.e., neuronal or glial cells), we labeled cells with the astrocyte marker 
GFAP (Figure 13D). 
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Figure 13. (A) Gating cell populations of small cells (green) and big cells (red) in the SSC versus 
FSC contour plot for the further analysis. (B) Flow cytometric data of percentages of cellular sub-
populations. (C) Representative microscopic pictures (bright field) of cells obtained from both 
procedures. (D) Confocal images of GAFP-labeled cells. (E) Histogram of lysosomal compartment 
in big and small cells in both procedures. 

4. Discussion 
Tissues are complex mixtures of different cell subtypes, and this diversity is being 

increasingly characterized using high-throughput single cell analysis methods. 
Enzymatic dissociation is typically carried out by introducing a digestion cocktail to 

minced, solid tissues and incubating them at specific temperatures, based on the enzyme 
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cocktail being used. Enzyme strength and enzyme concentration are the two most im-
portant factors to consider when choosing a digestion cocktail for the preparation of a 
single cell suspension for flow cytometry. Lightly adherent cells should be isolated using 
a short digestion period with a gentle or mild enzyme to avoid these issues [21,75]. De-
termining the optimal strength and concentration of the enzymes being used in enzy-
matic dissociation is empirical and critical for the proper isolation of cells and successful 
digestion of tissues. By means of the Medimachine II, we applied an enzyme-free ap-
proach for mechanically dissociating tissue samples into viable single-cell suspensions. In 
fact, the success of dissociation procedures has been limited by their long processing 
times, low yield and high manual workload, leading to a significant increase in the 
overall analysis time [6]. Furthermore, enzymatic reactions can attack surface markers 
and cause alterations in gene expression profiles [54,74,76]. Tissue dissociation is there-
fore a careful balance between disrupting the tissue while not lysing the cells [77,78] 
These methods are now becoming progressively optimized [79–81] and are used both 
individually and in combination. 

Described herein are protocols that use a gentle automated mechanical dissociation 
and a gentle enzymatic disaggregation with trypsin, DNAse, and EDTA, with the aim to 
isolate single cells from complex murine tissues. 

A comparison between the two methods was performed for each tissue, for the 
functional parameters investigated. Cells obtained by the enzyme-free Medimachine II 
protocols showed the best lysosome and mitochondrial network labeling (by both FCM 
and confocal microscopy analyses). Particularly in spleen disaggregation, if lysosome–
mitochondria functions and/or crosstalk are the main interest of the research, is prefera-
ble to adopt the mechanical procedure, taking into account a possible overproduction of 
ROS, whereas if we want to limit an additional, experimental induction of ROS, the en-
zymatic disaggregation is suitable. 

Cell surface damage was equivalently induced by both procedures in splenocytes 
and in the largest kidney cells, whereas in testis disaggregation, the minor cell membrane 
damage was induced by the enzymatic protocol and, in liver dissociation, the best results 
were induced by the Medimachine II. Indeed, autofluorescence values investigated in 
murine hepatocytes were particularly elevated after the enzymatic treatment, hindering 
in this way, possible variations of autofluorescence emission, that are the sum of auto-
fluorescence contributions from fluorochromes involved in metabolism [71]. 

The unique parameter in which the enzymatic gentle dissociation appears to have 
constantly better performance, with respect to the Medimachine treatment, is the lower 
ROS intracellular content. However, if this finding, on the one side, shows that the cells 
undergo a higher oxidative stress after mechanical automated disaggregation, on the 
other side, lightly increased ROS can be recognized as a complimentary signal to rescue 
the imbalanced ROS system, as well as to alarm stress and promote cell survival [82]. In 
fact, ROS systems are a new integrated network for sensing homeostasis and alarming 
stresses in organelle metabolic processes [82]. Furthermore, ROS are generated in almost 
every subcellular organelle in cells [83], including the plasma membrane [84], cytosol 
[85], mitochondria [86], nucleus [86], peroxisome [87], endoplasmic reticulum (ER) [88], 
Golgi [84], and others. For testicular tissue, ROS detection is particularly important. In 
the testes, they may be beneficial or even indispensable in the complex process of male 
germ cell proliferation and maturation, from diploid spermatogonia through meiosis to 
mature haploid spermatozoa [89]. Conversely, high doses, and/or inadequate removal of 
ROS caused by several mechanisms, can be very dangerous [63]. Studies indicate that low 
levels of ROS are crucial for spermatozoa to acquire their fertilizing ability [90–92]. 

As a final consideration, mechanical procedures were set for the “minimal manipu-
lation” to avoid regulatory restrictions established by the Food and Drug Administration 
(FDA) in the US and worldwide, as previously stated by De Francesco and coworkers 
[19]. The FDA, particularly for the regenerative medicine field, considers enzymatic 
procedures to be “more than minimally manipulated” and have set heavy restrictions on 
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them, while non-enzymatic methods are considered to be “minimally manipulated” by 
the FDA. In fact, although one limitation of our study is not having applied enzymatic 
cocktails containing collagenase, the use of strong enzymatic cocktails for the separation 
of cells from the extracellular matrix of tissue is considered a substantial manipulation, 
for specific applications [93]. 

Finally, another limitation of the work is the lack of a specific identification of the 
cells, these being uniquely divided into large and small. 

During the continuation of the work, cell culture set up and proliferation studies will 
be further conducted on spleen and liver samples, on which we will distinguish cells on 
the basis of mAb labeling, where commercially available. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/biom12050701/s1, Figure S1: Cell yields obtained from dif-
ferent tissue disaggregation; Figure S2: Spleen characteristics; Figure S3: Liver cells by different 
Medicons approach: Automated-mechanical approach; Figure S4: Analyses on cryo cells of the 
kidney. 

Author Contributions: Conceptualization, B.C. and M.M.; methodology, M.M., S.B., P.A., S.C. and 
C.C.; validation, B.C. and M.M.; formal analysis, M.M. and B.C.; investigation, B.C., M.M., S.B. and 
C.C.; resources, P.A., W.B. and S.C.; data curation, B.C. and M.M.; writing—original draft prepara-
tion, B.C.; writing—review and editing, M.M., G.P. and D.L.; visualization, B.C.; supervision, B.C. 
and S.P.; project administration, B.C.; funding acquisition, B.C. and S.P. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The animal study protocol was approved by the D.lgs. 
26/2014; this research project was permitted with authorization N. 465/2015-PR by the Italian Min-
istry of Health. 

Acknowledgments: We want to thank CTSV for providing us the newly developed Medima-
chineII, Medicons and Filcons and to have supplied Medicons by their early days of marketing. We 
want to acknowledge Erica Cesarini for her contribution in the initial stages of the study. 

Conflicts of Interest: Barbara Canonico and Stefano Papa have a collaboration with CTSV, that also 
provided MedimachineII and related consumables needed for the study; however, CTSV had no 
influence on results generated in this work. The authors report no other potential conflicts of in-
terest for this work. 

References 
1. Nguyen, Q.H.; Pervolarakis, N.; Blake, K.; Ma, D.; Davis, R.T.; James, N.; Phung, A.T.; Willey, E.; Kumar, R.; Jabart, E.; et al. 

Profiling human breast epithelial cells using single cell RNA sequencing identifies cell diversity. Nat. Commun. 2018, 9, 2028. 
https://doi.org/10.1038/s41467-018-04334-1. 

2. Muraro, M.J.; Dharmadhikari, G.; Grün, D.; Groen, N.; Dielen, T.; Jansen, E.; van Gurp, L.; Engelse, M.A.; Carlotti, F.; de Kon-
ing, E.J.P.; et al. A Single-Cell Transcriptome Atlas of the Human Pancreas. Cell Syst. 2016, 3, 385–394. 
https://doi.org/10.1016/j.cels.2016.09.002. 

3. Rous, P.; Jones, F.S. A method for obtaining suspensions of living cells from the fixed tissues, and for the plating out of indi-
vidual cells. Proc. Soc. Exp. Biol. Med. 1916, 23, 549–555. https://doi.org/10.3181/00379727-13-43. 

4. Hamburger, A.W.; Salmon, S.E. Primary Bioassay of Human Tumor Stem Cells. Science 1977, 197, 461–463. 
https://doi.org/10.1126/SCIENCE.560061. 

5. Salmon, S.E.; Hamburger, A.W.; Soehnlen, B.; Durie, B.G.M.; Alberts, D.S.; Moon, T.E. Quantitation of Differential Sensitivity 
of Human-Tumor Stem Cells to Anticancer Drugs. N. Engl. J. Med. 1978, 298, 1321–1327. 
https://doi.org/10.1056/NEJM197806152982401. 

6. Rasey, J.S.; Nelson, N.J. Effect of tumor dissaggregation on results of in vitro cell survival assay after in vivo treatment of the 
EMT-6 tumor: X-rays, cyclophosphamide, and bleomycin. In Vitro 1980, 16, 547–553. https://doi.org/10.1007/BF02618377. 

7. Cerra, R.; Zarbo, R.J.; Crissman, J.D. Chapter 1 Dissociation of Cells from Solid Tumors. Methods Cell Biol. 1990, 33, 1–12. 
https://doi.org/10.1016/S0091-679X(08)60506-3. 

8. Cunningham, R.E. Tissue disaggregation. Methods Mol. Biol. 2010, 588, 327–330. https://doi.org/10.1007/978-1-59745-324-0_32. 
9. Waymouth, C. To disaggregate or not to disaggregate, injury and cell disaggregation, transient or permanent? In Vitro 1974, 10, 

97–111. https://doi.org/10.1007/BF02615343. 



Biomolecules 2022, 12, 701 28 of 31 
 

10. Cornacchiari, A.; Grigolato, P.G.; Facchetti, F.; Morassi, M.L.; Cadei, M.; Alpi, F.; Battocchio, S.; Chirico, E. Usefulness of the 
scraping method for DNA flow cytometry in breast tumors. Cytometry 1995, 19, 263–266. 
https://doi.org/10.1002/CYTO.990190310. 

11. Ottesen, G.L.; Christensen, J.; Larsen, J.K.; Hansen, B.; Andersen, J.A. Tissue Disaggregation for Flow Cytometric DNA Anal-
ysis: Comparison of Fine-Needle Aspiration and an Automated Mechanical Procedure. Commun. Clin. Cytom. 1996, 26, 65–68. 
https://doi.org/10.1002/(SICI)1097-0320(19960315)26:1. 

12. Singh, N.P. A Rapid Method for the Preparation of Single-Cell Suspensions From Solid Tissues. Cytometry 1998, 31, 229–232. 
https://doi.org/10.1002/(SICI)1097-0320(19980301)31:3. 

13. Vos, J.A.; Simurdak, J.H.; Davis, B.J.; Myers, J.B.; Brissette, M.D. Vortex disaggregation for flow cytometry allows direct histo-
logic correlation: A novel approach for small biopsies and inaspirable bone marrows. Cytom. Part B Clin. Cytom. 2003, 52, 20–31. 
https://doi.org/10.1002/CYTO.B.10002. 

14. Meistrich, M.L. Separation of Spermatogenic Cells and Nuclei from Rodent Testes. Methods Cell Biol. 1977, 15, 15–54. 
https://doi.org/10.1016/S0091-679X(08)60207-1. 

15. Malkov, M.; Fisher, Y.; Don, J. Developmental schedule of the postnatal rat testis determined by flow cytometry. Biol. Reprod. 
1998, 59, 84–92. https://doi.org/10.1095/biolreprod59.1.84. 

16. Rodríguez-Casuriaga, R.; Geisinger, A.; López-Carro, B.; Porro, V.; Wettstein, R.; Folle, G.A. Ultra-fast and optimized method 
for the preparation of rodent testicular cells for flow cytometric analysis. Biol. Proced. Online 2009, 11, 184–195. 
https://doi.org/10.1007/s12575-009-9003-2. 

17. Brockhoff, G.; Fleischmann, S.; Meier, A.; Wachs, F.P.; Hofstaedter, F.; Knuechel, R. Use of a mechanical dissociation device to 
improve standardization of flow cytometric cytokeratin DNA measurements of colon carcinomas. Commun. Clin. Cytom. 2002, 
38, 184–191. https://doi.org/10.1002/(SICI)1097-0320(19990815)38:4<184::AID-CYTO5>3.0.CO;2-W. 

18. De Francesco, F.; Mannucci, S.; Conti, G.; Prè, E.D.; Sbarbati, A.; Riccio, M. A non-enzymatic method to obtain a fat tissue de-
rivative highly enriched in adipose stem cells (ASCs) from human lipoaspirates: Preliminary results. Int. J. Mol. Sci. 2018, 19, 
2061. https://doi.org/10.3390/ijms19072061. 

19. Schneider, F.; Redmann, K.; Wistuba, J.; Schlatt, S.; Kliesch, S.; Neuhaus, N. Comparison of enzymatic digestion and mechan-
ical dissociation of human testicular tissues. Fertil. Steril. 2015, 104, 302–311. 
https://doi.org/10.1016/J.FERTNSTERT.2015.05.001. 

20. Freshney, R. Culture of Animal Cells: A Manual of Basic Technique and Specialized Applications, 7th ed.; Wiley Blackwell, Ed.; John 
Wiley & Sons: Hoboken, NJ, USA, 2015; ISBN ISBN-10 9781118873656. 

21. Reichard, A.; Asosingh, K. Best Practices for Preparing a Single Cell Suspension from Solid Tissues for Flow Cytometry. Cytom. 
A 2019, 95, 219–226. https://doi.org/10.1002/CYTO.A.23690. 

22. Kakebeen, A.D.; Chitsazan, A.D.; Wills, A.E. Tissue disaggregation and isolation of specific cell types from transgenic Xenopus 
appendages for transcriptional analysis by FACS. Dev. Dyn. 2020, 250, 1381–1392. https://doi.org/10.1002/DVDY.268. 

23. Rodbell, M. Metabolism of Isolated Fat Cells: I. effects of hormones on glucose metabolism and lipolysis. J. Biol. Chem. 1964, 
239, 375–380. https://doi.org/10.1016/S0021-9258(18)51687-2. 

24. Hyder, A. Effect of the pancreatic digestion with liberase versus collagenase on the yield, function and viability of neonatal rat 
pancreatic islets. Cell Biol. Int. 2005, 29, 831–834. https://doi.org/10.1016/J.CELLBI.2005.05.004. 

25. Baptista, L.S.; Do Amaral, R.J.F.C.; Carias, R.B.V.; Aniceto, M.; Claudio-Da-Silva, C.; Borojevic, R. An alternative method for the 
isolation of mesenchymal stromal cells derived from lipoaspirate samples. Cytotherapy 2009, 11, 706–715. 
https://doi.org/10.3109/14653240902981144. 

26. Liu, K.; Wang, K.; Yan, H. Incomplete digestion preserves chondrocytes from dedifferentiating in long-termed culture on 
plastic substrate. Tissue Cell 2009, 41, 1–11. https://doi.org/10.1016/J.TICE.2008.06.002. 

27. Patel, M.; Smith, A.J.; Sloan, A.J.; Smith, G.; Cooper, P.R. Phenotype and behaviour of dental pulp cells during expansion cul-
ture. Arch. Oral Biol. 2009, 54, 898–908. https://doi.org/10.1016/J.ARCHORALBIO.2009.06.008. 

28. Charan, K.S.; Kumari, M.; Gayathri, V. Regenerative capacity of the dental mesenchymal stem cells and their implications in 
dentistry. SRM J. Res. Dent. Sci. 2022, 13, 32–37. https://doi.org/10.4103/SRMJRDS.SRMJRDS_13_22. 

29. Butova, X.A.; Myachina, T.A.; Khokhlova, A.D. A combined Langendorff-injection technique for simultaneous isolation of 
single cardiomyocytes from atria and ventricles of the rat heart. MethodsX 2021, 8, 101189. 
https://doi.org/10.1016/J.MEX.2020.101189. 

30. Feng, T.Y.; Li, Q.; Ren, F.; Xi, H.M.; Lv, D.L.; Li, Y.; Hu, J.H. Melatonin Protects Goat Spermatogonial Stem Cells against Oxi-
dative Damage during Cryopreservation by Improving Antioxidant Capacity and Inhibiting Mitochondrial Apoptosis Path-
way. Oxid. Med. Cell. Longev. 2020, 2020, 5954635. https://doi.org/10.1155/2020/5954635. 

31. McKinnon, K.M. Flow Cytometry: An Overview. Curr. Protoc. Immunol. 2018, 120, 5.1.1-5.1.11. https://doi.org/10.1002/CPIM.40. 
32. Shichkin, V.P.; Gorbach, O.I.; Zuieva, O.A.; Grabchenko, N.I.; Aksyonova, I.A.; Todurov, B.M. Effect of cryopreservation on 

viability and growth efficiency of stromal-epithelial cells derived from neonatal human thymus. Cryobiology 2017, 78, 70–79. 
https://doi.org/10.1016/J.CRYOBIOL.2017.06.010. 

33. Carloni, S.; Facchinetti, F.; Pelizzi, N.; Buonocore, G.; Balduini, W. Melatonin Acts in Synergy with Hypothermia to Reduce 
Oxygen-Glucose Deprivation-Induced Cell Death in Rat Hippocampus Organotypic Slice Cultures. Neonatology 2018, 114, 364–
371. https://doi.org/10.1159/000491859. 



Biomolecules 2022, 12, 701 29 of 31 
 

34. Novelli, M.; Savoia, P.; Cambieri, I.; Ponti, R.; Comessatti, A.; Lisa, F.; Bernengo, M.G. Collagenase digestion and mechanical 
disaggregation as a method to extract and immunophenotype tumour lymphocytes in cutaneous T-cell lymphomas. Clin. Exp. 
Dermatol. 2000, 25, 423–431. https://doi.org/10.1046/J.1365-2230.2000.00680.X. 

35. Canonico, B.; Campana, R.; Luchetti, F.; Arcangeletti, M.; Betti, M.; Cesarini, E.; Ciacci, C.; Vittoria, E.; Galli, L.; Papa, S.; et al. 
Campylobacter jejuni cell lysates differently target mitochondria and lysosomes on HeLa cells. Apoptosis 2014, 19, 1225–1242. 
https://doi.org/10.1007/s10495-014-1005-0. 

36. Chazotte, B. Labeling lysosomes in live cells with lysotracker. Cold Spring Harb. Protoc. 2011, 6, pdb.prot5571. 
https://doi.org/10.1101/pdb.prot5571. 

37. Canonico, B.; Cesarini, E.; Salucci, S.; Luchetti, F.; Falcieri, E.; Di Sario, G; Palma, F.; Papa, S. Defective autophagy, 
mitochondrial clearance and lipophagy in niemann-pick type B lymphocytes. PLoS ONE 2016, 11, e0165780. 
https://doi.org/10.1371/journal.pone.0165780. 

38. Salucci, S.; Burattini, S.; Battistelli, M.; Buontempo, F.; Canonico, B.; Martelli, A.M.; Papa, S.; Falcieri, E. Tyrosol prevents 
apoptosis in irradiated keratinocytes. J. Dermatol. Sci. 2015, 80, 61–68. https://doi.org/10.1016/j.jdermsci.2015.07.002. 

39. Salucci, S.; Battistelli, M.; Burattini, S.; Sbrana, F.; Falcieri, E. Holotomographic microscopy: A new approach to detect apoptotic 
cell features. Microsc. Res. Tech. 2020, 83, 1464–1470. https://doi.org/10.1002/jemt.23539. 

40. Brando, B.; Barnett, D.; Janossy, G.; Mandy, F.; Autran, B.; Rothe, G.; Scarpati, B.; D’Avanzo, G.; D’Hautcourt, J.-L.; Lenkei, R.; 
et al. Cytofluorometric Methods for Assessing Absolute Numbers of Cell Subsets in Blood. Cytometry 2000, 42, 327–346, 
doi:10.1002/1097-0320(20001215)42:6<327::AID-CYTO1000>3.0.CO;2-F. 

41. Grange, C.; Létourneau, J.; Forget, M.A.; Godin-Ethier, J.; Martin, J.; Liberman, M.; Latour, M.; Widmer, H.; Lattouf, J.B.; Picci-
rillo, C.A.; et al. Phenotypic characterization and functional analysis of human tumor immune infiltration after mechanical and 
enzymatic disaggregation. J. Immunol. Methods 2011, 372, 119–126. https://doi.org/10.1016/j.jim.2011.07.002. 

42. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Os-
trand-Rosenberg, S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. 
Nat. Med. 2018, 24, 541–550. https://doi.org/10.1038/s41591-018-0014-x. 

43. Swirski, F.K.; Nahrendorf, M.; Etzrodt, M.; Wildgruber, M.; Cortez-Retamozo, V.; Panizzi, P.; Figueiredo, J.L.; Kohler, R.H.; 
Chudnovskiy, A.; Waterman, P.; et al. Identification of splenic reservoir monocytes and their deployment to inflammatory 
sites. Science 2009, 325, 612–616. https://doi.org/10.1126/SCIENCE.1175202/SUPPL_FILE/SWIRSKI.SOM.PDF. 

44. Van Der Laan, A.M.; Ter Horst, E.N.; Delewi, R.; Begieneman, M.P.V.; Krijnen, P.A.J.; Hirsch, A.; Lavaei, M.; Nahrendorf, M.; 
Horrevoets, A.J.; Niessen, H.W.M.; et al. Monocyte subset accumulation in the human heart following acute myocardial in-
farction and the role of the spleen as monocyte reservoir. Eur. Heart J. 2014, 35, 376–385. 
https://doi.org/10.1093/EURHEARTJ/EHT331. 

45. Kotzé, H.F.; Heyns, A.D.P.; Wessels, P.; Pieters, H.; Badenhorst, P.N.; Lötter, M.G. Evidence that 111In-labelled platelets pool in 
the spleen, but not in the liver of normal humans and baboons. Scand. J. Haematol. 1986, 37, 259–264. 
https://doi.org/10.1111/J.1600-0609.1986.TB02307.X. 

46. Heyns, A.D.; Lötter, M.G.; Kotzè, H.F.; Wessels, P.; Pieters, H.; Badenhorst, P.N. Kinetics, distribution, and sites of destruction 
of indium-111 oxine labelled red cells in haemolytic anaemia. J. Clin. Pathol. 1985, 38, 128–132. 
https://doi.org/10.1136/JCP.38.2.128. 

47. Mamani-Matsuda, M.; Cosma, A.; Weller, S.; Faili, A.; Staib, C.; Garçon, L.; Hermine, O.; Beyne-Rauzy, O.; Fieschi, C.; Pers, 
J.O.; et al. The human spleen is a major reservoir for long-lived vaccinia virus–specific memory B cells. Blood 2008, 111, 4653–
4659. https://doi.org/10.1182/BLOOD-2007-11-123844. 

48. Seifert, M.F.; Marks, S.C. The regulation of hemopoiesis in the spleen. Experientia. 1985, 41, 192–199. 
https://doi.org/10.1007/BF02002613. 

49. Hendricks, J.; Visser, A.; Dammers, P.M.; Burgerhof, J.G.M.; Bos, N.A.; Kroese, F.G.M. Class-switched marginal zone B cells in 
spleen have relatively low numbers of somatic mutations. Mol. Immunol. 2011, 48, 874–882. 
https://doi.org/10.1016/j.molimm.2010.12.020. 

50. Yang, Y.; Bazhin, A.V.; Werner, J.; Karakhanova, S. Reactive oxygen species in the immune system. Int. Rev. Immunol. 2013, 32, 
249–270. https://doi.org/10.3109/08830185.2012.755176. 

51. Matsushita, M.; Freigang, S.; Schneider, C.; Conrad, M.; Bornkamm, G.W.; Kopf, M. T cell lipid peroxidation induces ferropto-
sis and prevents immunity to infection. J. Exp. Med. 2015, 212, 555–568. https://doi.org/10.1084/JEM.20140857. 

52. Ogura, M.; Inoue, T.; Yamaki, J.; Homma, M.K.; Kurosaki, T.; Homma, Y. Mitochondrial reactive oxygen species suppress 
humoral immune response through reduction of CD19 expression in B cells in mice. Eur. J. Immunol. 2017, 47, 406–418. 
https://doi.org/10.1002/eji.201646342. 

53. Zamani Taghizadeh Rabe, S.; Iranshahi, M.; Mahmoudi, M. In vitro anti-inflammatory and immunomodulatory properties of 
umbelliprenin and methyl galbanate. J. Immunotoxicol. 2016, 13, 209–216. https://doi.org/10.3109/1547691X.2015.1043606. 

54. Autengruber, A.; Gereke, M.; Hansen, G.; Hennig, C.; Bruder, D. Impact of enzymatic tissue disintegration on the level of 
surface molecule expression and immune cell function. Eur. J. Microbiol. Immunol. 2012, 2, 112–120. 
https://doi.org/10.1556/eujmi.2.2012.2.3. 

55. Canonico, B.; Betti, M.; Luchetti, F.; Battistelli, M.; Falcieri, E.; Ferri, P.; Zamai, L.; Barnett, D.; Papa, S. Flow cytometric profiles, 
biomolecular and morphological aspects of transfixed leukocytes and red cells. Cytom. Part B Clin. Cytom. 2010, 78, 267–278. 
https://doi.org/10.1002/CYTO.B.20510. 



Biomolecules 2022, 12, 701 30 of 31 
 

56. Caillot, M.; Dakik, H.; Mazurier, F.; Sola, B. Targeting reactive oxygen species metabolism to induce myeloma cell death. Can-
cers 2021, 13, 2411. 

57. Quatromoni, J.G.; Singhal, S.; Bhojnagarwala, P.; Hancock, W.W.; Albelda, S.M.; Eruslanov, E. An optimized disaggregation 
method for human lung tumors that preserves the phenotype and function of the immune cells. J. Leukoc. Biol. 2015, 97, 201–
209. https://doi.org/10.1189/JLB.5TA0814-373. 

58. Sato, T.; Katagiri, K.; Gohbara, A.; Inoue, K.; Ogonuki, N.; Ogura, A.; Kubota, Y.; Ogawa, T. In vitro production of functional 
sperm in cultured neonatal mouse testes. Nature 2011, 471, 504–507. https://doi.org/10.1038/nature09850. 

59. Zhou, Q.; Wang, M.; Yuan, Y.; Wang, X.; Fu, R.; Wan, H.; Xie, M.; Liu, M.; Guo, X.; Zheng, Y.; et al. Complete Meiosis from 
Embryonic Stem Cell-Derived Germ Cells In Vitro. Cell Stem Cell 2016, 18, 330–340. https://doi.org/10.1016/J.STEM.2016.01.017. 

60. Baskaran, S.; Finelli, R.; Agarwal, A.; Henkel, R. Reactive oxygen species in male reproduction: A boon or a bane? Andrologia 
2021, 53, e13577. https://doi.org/10.1111/AND.13577. 

61. Selvam, M.K.P.; Agarwal, A.; Sharma, R.; Samanta, L. Treatment of semen samples with a-chymotrypsin alters the expression 
pattern of sperm functional proteins-a pilot study. Andology 2018, 6, 345–350. https://doi.org/10.1111/andr.12466. 

62. Thakur, M.; Gupta, H.; Singh, D.; Mohanty, I.R.; Maheswari, U.; Vanage, G.; Joshi, D. Histopathological and ultra structural 
effects of nanoparticles on rat testis following 90 days (Chronic study) of repeated oral administration. J. Nanobiotechnol. 2014, 
12, 42. https://doi.org/10.1186/s12951-014-0042-8. 

63. Wang, F.; Han, D. Sertoli Cell Phagocytosis: An Essential Event for Spermatogenesis; IntechOpen: London, UK, 2019. 
64. Barbagallo, F.; La Vignera, S.; Cannarella, R.; Aversa, A.; Calogero, A.E.; Condorelli, R.A. Evaluation of Sperm Mitochondrial 

Function: A Key Organelle for Sperm Motility. J. Clin. Med. 2020, 9, 363. https://doi.org/10.3390/JCM9020363. 
65. La Vignera, S.; Condorelli, R.A.; Duca, Y.; Mongioi, L.M.; Cannarella, R.; Giacone, F.; Calogero, A.E. FSH therapy for idiopathic 

male infertility: Four schemes are better than one. Aging Male 2019, 23, 750–755. https://doi.org/10.1080/13685538.2019.1590696. 
66. Lundwall, Å.; Bjartell, A.; Olsson, A.Y.; Malm, J. Semenogelin I and II, the predominant human seminal plasma proteins, are 

also expressed in non-genital tissues. Mol. Hum. Reprod. 2002, 8, 805–810. 
67. De Lamirande, E.; Lamothe, G. Levels of semenogelin in human spermatozoa decrease during capacitation: Involvement of 

reactive oxygen species and zinc. Hum. Reprod. 2010, 25, 1619–1630. https://doi.org/10.1093/humrep/deq110. 
68. Kwitny, S.; Klaus, A.V.; Hunnicutt, G.R. The annulus of the mouse sperm tail is required to establish a membrane diffusion 

barrier that is engaged during the late steps of spermiogenesis. Biol. Reprod. 2010, 82, 669–678. 
https://doi.org/10.1095/biolreprod.109.079566. 

69. Onofre, J.; Baert, Y.; Faes, K.; Goossens, E. Cryopreservation of testicular tissue or testicular cell suspensions: A pivotal step in 
fertility preservation. Hum. Reprod. Update 2016, 22, 744–761. https://doi.org/10.1093/HUMUPD/DMW029. 

70. Rodríguez-Casuriaga, R.; Santiñaque, F.F.; Folle, G.A.; Souza, E.; López-Carro, B.; Geisinger, A. Rapid preparation of rodent 
testicular cell suspensions and spermatogenic stages purification by flow cytometry using a novel blue-laser-excitable vital 
dye. MethodsX 2014, 1, 239–243. https://doi.org/10.1016/J.MEX.2014.10.002. 

71. Croce, S.; Peloso, A.; Zoro, T.; Avanzini, M.A.; Cobianchi, L. A Hepatic Scaffold from Decellularized Liver Tissue: Food for 
Thought. Biomolecules 2019, 9, 813. https://doi.org/10.3390/BIOM9120813. 

72. Surre, J.; Saint-Ruf, C.; Collin, V.; Orenga, S.; Ramjeet, M.; Matic, I. Strong increase in the autofluorescence of cells signals 
struggle for survival. Sci. Rep. 2018, 8, 12088. https://doi.org/10.1038/s41598-018-30623-2. 

73. Stéphenne, X.; Najimi, M.; Sokal, E.M. Hepatocyte cryopreservation: Is it time to change the strategy? World J. Gastroenterol. 
2010, 16, 1–14. https://doi.org/10.3748/wjg.v16.i1.1. 

74. Mattei, D.; Ivanov, A.; van Oostrum, M.; Pantelyushin, S.; Richetto, J.; Mueller, F.; Beffinger, M.; Schellhammer, L.; Berg, J.; 
Vom Wollscheid, B.; et al. Enzymatic Dissociation Induces Transcriptional and Proteotype Bias in Brain Cell Populations. 2020, 
21, 7944. 

75. Nayar, S.; Campos, J.; Steinthal, N.; Barone, F. Tissue Digestion for Stromal Cell and Leukocyte Isolation. Methods Mol. Biol. 
2017, 1591, 225–234. https://doi.org/10.1007/978-1-4939-6931-9_16. 

76. Marsh, S.E.; Walker, A.J.; Kamath, T.; Dissing-Olesen, L.; Hammond, T.R.; de Soysa, T.Y.; Young, A.M.H.; Murphy, S.; Ab-
dulraouf, A.; Nadaf, N.; et al. Dissection of artifactual and confounding glial signatures by single-cell sequencing of mouse and 
human brain. Nat. Neurosci. 2022, 25, 306–316. https://doi.org/10.1038/s41593-022-01022-8. 

77. McBeth, C.; Gutermuth, A.; Ochs, J.; Sharon, A.; Sauer-Budge, A.F. Automated Tissue Dissociation for Rapid Extraction of 
Viable Cells. Procedia CIRP 2017, 65, 88–92. https://doi.org/10.1016/J.PROCIR.2017.04.007. 

78. Scheuermann, S.; Schäfer, A.; Langejürgen, J.; Reis, C. A step towards enzyme-free tissue dissociation. Curr. Dir. Biomed. Eng. 
2019, 5, 545–548. https://doi.org/10.1515/CDBME-2019-0137. 

79. Denisenko, E.; Guo, B.B.; Jones, M.; Hou, R.; De Kock, L.; Lassmann, T.; Poppe, D.; Poppe, D.; Clément, O.; Simmons, R.K.; et al. 
Systematic assessment of tissue dissociation and storage biases in single-cell and single-nucleus RNA-seq workflows. Genome 
Biol. 2020, 21, 130. https://doi.org/10.1186/s13059-020-02048-6. 

80. Donnenberg, V.S.; Donnenberg, A.D.; Cancer, H.; Ave, C. Flow Cytometry on Disaggregated Solid Tissues. Int. Drug Discov. 
2011, 6, 14–18. 

81. Lombardo, J.A.; Aliaghaei, M.; Nguyen, Q.H.; Kessenbrock, K.; Haun, J.B. Microfluidic platform accelerates tissue processing 
into single cells for molecular analysis and primary culture models. Nat. Commun. 2021, 12, 2858. 
https://doi.org/10.1038/s41467-021-23238-1. 



Biomolecules 2022, 12, 701 31 of 31 
 

82. Sun, Y.; Lu, Y.; Saredy, J.; Wang, X.; Drummer C., IV; Shao, Y.; Saaoud, F.; Xu, K.; Liu, M.; Yang, W.Y.; et al. ROS systems are a 
new integrated network for sensing homeostasis and alarming stresses in organelle metabolic processes. Redox Biol. 2020, 37, 
101696. https://doi.org/10.1016/J.REDOX.2020.101696. 

83. Corpas, F.J.; Gupta, D.K.; Palma, J.M. Production Sites of Reactive Oxygen Species (ROS) in Organelles from Plant Cells. In 
Reactive Oxygen Species Oxidative Damage Plants Under Stress; Gupta, D., Palma, J., Corpas, F., Eds.; Springer: Cham, Switzer-
land, 2015; pp. 1–22. https://doi.org/10.1007/978-3-319-20421-5_1. 

84. Fransen, M.; Nordgren, M.; Wang, B.; Apanasets, O. Role of peroxisomes in ROS/RNS-metabolism: Implications for human 
disease. Biochim. Biophys. Acta-Mol. Basis Dis. 2012, 1822, 1363–1373. https://doi.org/10.1016/J.BBADIS.2011.12.001. 

85. Li, J.M.; Shah, A.M. Endothelial cell superoxide generation: Regulation and relevance for cardiovascular pathophysiology. Am. 
J. Physiol.-Regul. Integr. Comp. Physiol. 2004, 287, R1014–R1030. https://doi.org/10.1152/AJPREGU.00124.2004. 

86. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial reactive oxygen species (ROS) and ROS-induced ROS release. Physiol. 
Rev. 2014, 94, 909–950. https://doi.org/10.1152/PHYSREV.00026.2013/ASSET/IMAGES/LARGE/Z9J0031426930018.JPEG. 

87. Rinnerthaler, M.; Bischof, J.; Streubel, M.K.; Trost, A.; Richter, K. Oxidative stress in aging human skin. Biomolecules 2015, 5, 
545–589. https://doi.org/10.3390/BIOM5020545/BIOMOLECULES_05_00545_PDF.PDF. 

88. Ahsan, H.; Ali, A.; Ali, R. Oxygen free radicals and systemic autoimmunity. Clin. Exp. Immunol. 2003, 131, 398–404. 
https://doi.org/10.1046/J.1365-2249.2003.02104.X. 

89. Shi, Y.; Buffenstein, R.; Pulliam, D.A.; Van Remmen, H. Comparative studies of oxidative stress and mitochondrial function in 
aging. Integr. Comp. Biol. 2010, 50, 869–879. https://doi.org/10.1093/ICB/ICQ079. 

90. Du Plessis, S.S.; Agarwal, A.; Halabi, J.; Tvrda, E. Contemporary evidence on the physiological role of reactive oxygen species 
in human sperm function. J. Assist. Reprod. Genet. 2015, 32, 509–520. https://doi.org/10.1007/S10815-014-0425-7. 

91. O’Flaherty, C.; de Lamirande, E.; Gagnon, C. Positive role of reactive oxygen species in mammalian sperm capacitation: Trig-
gering and modulation of phosphorylation events. Free Radic. Biol. Med. 2006, 41, 528–540. 
https://doi.org/10.1016/J.FREERADBIOMED.2006.04.027. 

92. Rivlin, J.; Mendel, J.; Rubinstein, S.; Etkovitz, N.; Breitbart, H. Role of hydrogen peroxide in sperm capacitation and acrosome 
reaction. Biol. Reprod. 2004, 70, 518–522. https://doi.org/10.1095/BIOLREPROD.103.020487. 

93. Trivisonno, A.; Alexander, R.W.; Baldari, S.; Cohen, S.R.; Di Rocco, G.; Gentile, P.; Magalon, G.; Magalon, J.; Miller, R.B.; 
Womack, H.; et al. Intraoperative Strategies for Minimal Manipulation of Autologous Adipose Tissue for Cell- and Tis-
sue-Based Therapies: Concise Review. Stem Cells Transl. Med. 2019, 8, 1265–1271. https://doi.org/10.1002/SCTM.19-0166. 

 


