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The immediate processing of whole blood specimen is required in circulating
tumor cell-based liquid biopsy. Reliable blood specimen stabilization towards
preserving circulating tumor cells can enable more extensive geographic
sharing for precise rare-cell technology, but remains challenging due to the
fragility and rarity of circulating tumor cells. Herein, we establish a zwitterionic
magnetic microgel platform to stabilize whole blood specimen for long-term
hypothermic preservation of model circulating tumor cells. We show in a
cohort study of 20 cancer patients that blood samples can be preserved for up
to 7 days without compromising circulating tumor cell viability and RNA
integrity, thereby doubling the viable preservation duration. We demonstrate
that the 7-day microgel-preserved blood specimen is able to reliably detect
cancer-specific transcripts, similar to fresh blood specimens, while there

are up/down expression regulation of 1243 genes in model circulating tumor
cells that are preserved by commercial protectant. Mechanistically, we find
that the zwitterionic microgel assembly counters the cold-induced excessive
reactive oxygen species and platelet activation, as well as extracellular matrix
loss-induced cell anoikis, to prevent circulating tumor cell loss in the whole
blood sample. The present work could prove useful for the development of
blood-based noninvasive diagnostics.

The investigation of rare cells in the peripheral blood can provide
important cellular or molecular information of the human body*?.
Recently, the advanced innovations in precise rare-cell technolo-
gies, e.g., circulating tumor cell (CTC)-based liquid biopsy, repre-
sent a breakthrough in clinical noninvasive diagnostics and cancer
status monitoring®>*. The key insights of tumors, such as prognostic
information, drug resistance mechanism, and metastasis develop-
ment, can be comprehensively exploited by CTC-based liquid
biopsy with high sensitivity (98% of breast cancers) and high

specificity (99% of ovarian cancers) rates, benefiting patients for
cancer therapy™®.

However, the immediate process of whole blood specimen is
required to insure the accurate molecular data for guiding clinical
decision, while it needs to take a period of days for blood specimen
shipment and waiting in line’°. For example, there are only six com-
mercially available centers for CTC detection (CellSearch) in the U.S.,
where the inspected specimens nationwide are sent'’. Once removed
from their native environment, most of CTCs in whole blood cells are
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degraded within 5 h, and shipment and handling of samples may even
lead to total loss of CTCs owing to their fragility and rarity" ™. In a
clinical study, the labeled tumor cells in whole blood have documented
>60% loss within 5 h; meanwhile, significant RNA degradation in cells
can be detected within 2-4 h’. Moreover, >83% of CTC losses are
attributed mostly to cell apoptosis within 72 h, although the blood
specimen is preserved using commercial protectants***,

Chemical fixatives are used to conventionally stabilize whole
blood specimens, at the expense of sacrificing cellular activity and RNA
integrity®'*". Alternatively, cryopreservation technology can enable
long-term preservation of bio-samples, but highly concentrated cyto-
toxic cryoprotectants (40% glycerol or dimethyl sulfoxide), complex
cryoprotectant removal procedures, and cryogenic conditions (-80 °C
or —196 °C) are required®***. Although several novel designed copo-
lymers were used for efficient cell cryopreservation?” >, the freezing-
thawing process can inflict damage in CTC viability and genotype,
resulting in failure of quality control to profile CTCs**?. Liquid
protectant-based hypothermic preservation (HP) at 1°C-35°C (e.g.,
refrigerated temperature of 4°C) is a current state-of-the-art shelf-
storage method of whole blood specimens, due to its availability for
clinical analysis and diagnostics’***'. However, few exceptions can
hypothetically extend the viable preservation time toward preserving
targeted rare cells in whole blood. The remaining studies focused on
the addition of agents (e.g., caspase inhibitors, platelet activation
inhibitors) into the liquid commercial protectants specific to blood,
achieving an unfavorable protection efficacy’**>,

Herein, we comprehensively investigated the main injuries of
fragile CTCs in whole blood specimen, and its prolonged HP poses
several challenges (Fig. 1a): 1) excessive reactive oxygen species (ROS)
mainly induced by other cells, e.g., red blood cells (RBCs, 96% in whole
blood)*?%; 2) cold-induced platelet activation leading to blood
coagulation®?%; and 3) extracellular matrix (ECM) loss-induced anoikis
of CTCs**°. Because they have escaped from in vivo tumor tissue, in
which ECM provides a 3D support to CTCs, into the flow of peripheral
blood. Based on the clarified mechanism of CTC injuries, we estab-
lished a zwitterionic magnetic microgel platform, which can prevent
these injuries and enables stabilization of whole blood specimens for
long-term HP, as well as effortless retrieval of targeted rare cells—
CTCs, as described below (Fig. 1b, c).

Results

Construction of zwitterionic microgel preservation platform
Based on the mechanism analysis of the CTC lesions in whole blood
specimen during HP, we designed a magnetic zwitterionic-
phenylboronic acid (ZBA) and zwitterionic-polyvinyl alcohol (ZVA)
microgel assembly to form a self-healing ZBVA hydrogel (Fig. 2a, b, and
Supplementary Figs. 1 and 2). The microgel-based preservation plat-
form is proposed to protect model CTCs against HP lesions, including
ROS scavenging, inhibition of platelet activation, and ECM mimicking,
as shown in Fig. 1c.

The ZBA microgels were Fe3O4 nanoparticle (MNP)-embedded
single heterogeneous polymeric networks crosslinked with zwitter-
ionic carboxylbetaine (CBMA) and methylacrylamide phenylboronic
acid monomers. The ZVA microgels were designed as MNP-embedded
interpenetrating polymeric networks based on PCBMA and polyvinyl
alcohol (PVA). Approximately ~100 nm of MNPs were uniformly dis-
tributed in microgels (Supplementary Fig. 3), endowing them with the
magnetic property. These magnetic microgels and their network
structures were verified using the Fourier Transform Infrared Spec-
troscopy (Supplementary Fig. 4), Raman Spectroscopy (Supplemen-
tary Fig. 5), X-ray photoelectron spectroscopy (Supplementary Fig. 6),
SEM mapping technologies (Supplementary Fig. 7a), tensile strength
(Supplementary Fig. 7b), and differential scanning calorimetry tests
(Supplementary Fig. 7c, d and Supplementary Table 1). The results
show an interpenetrating polymer network of ZVA microgels. After

complete equilibration, the equilibrium water contents of the micro-
gels were 93% and 98%, respectively, indicating their superior swelling
performance. Then, ZBA and ZVA microgels were obtained by
repeatedly extruding bulk gels through the copper sieve until the size
of microgels was slightly greater than that of normal cells (microgel
size =~50 pm in Supplementary Fig. 2).

The self-healing ZBVA hydrogel was built owing to the boronic
ester formation between phenylboronic acids and diols on two types
of microgels (Fig. 2a, b), and its chemical structure was demonstrated
in Supplementary Figs. 5 and 6. The rapid assembling and self-healing
process was firstly studied using different mass ratios of ZBA and ZVA
microgels (Supplementary Fig. 8a). With the addition of PBS, either of
the two types of microgels alone cannot form a stable hydrogel until
their mixture with 1:1 of mass ratio. A stable ZBVA hydrogel could be
rapidly constructed (-40s), as shown in Supplementary Fig. 8b, and
excessive PBS solution was unable to result in hydrogel collapse, owing
to the presence of stable boronic ester bonds. Additionally, the
hydrogels exhibited malleable and injectable performance (Supple-
mentary Fig. 8c). The microscopic photographs in Supplementary
Fig. 9a and Supplementary Movie 1 illustrate the assembling process of
ZBA and ZVA microgels, as well as the ambient autonomous self-
healing behavior of the resultant ZBVA hydrogel. In SEM images,
the dense 3D polymeric networks in ZBVA hydrogel were verified
(Supplementary Fig. 9b). The rheological results in Fig. 2c, d further
demonstrate the elastic behaviors of ZBVA hydrogel and in Fig. 2e
presents its self-healing property. Contrary to its stability in PBS, the
ZBVA hydrogel quickly dissociated (-3 min) in a sugar solution that is
compatible to cells, due to the interaction between boronic acid and
1,2-diol; then, the dissociated microgel assembly can be effortless
enriched by magnetic separation (Supplementary Fig. 10). We further
verified the anti-biofouling and cytocompatibility properties of the
microgels, as shown in Supplementary Fig. 11. Overall, a preservation
platform in terms of mild cell-encapsulation process, biocompatible
material-based preservation, and effortless hydrogel separation was
established.

ROS scavenging, platelet stabilization and ECM-mimic support
to cells by ZBVA hydrogels

Compared to rare CTCs, RBCs account for 96% of cells in the whole
blood, and they are required to be protected in a reductive environ-
ment owing to the high oxygenated states. During HP, the by-product
superoxide anions induce the chain reaction of oxidation in RBCs,
mainly inducing the overproduction of ROS, such as hydrogen per-
oxides (H,0,) and hydroxyl radicals (*OH), in the microenvironment of
the whole blood specimen**. For rare CTCs in the blood, RBC-
produced ROS induces the peroxidation of membrane lipids and
proteins, leading to cell apoptosis. Besides ROS overproduction from
other cells, cold-induced platelet activation is another primary cause
of the loss of CTCs during HP. The undesired self-aggregation of pla-
telets can result in the damage of blood samples and apoptosis of
CTCs. Although the traditional anticoagulation agents (e.g., sodium
citrate) can chelate calcium ions and, thus, inhibit calcium-dependent
platelet clotting, there are still other pathways and coagulation factors,
such as thrombin and collagens, which can activate platelets®*’. The
third proposed lesion to CTCs in specimen is the absence of ECM.
CTCs escaped from in vivo tumor tissues, in which ECM provides both
chemical interaction and physical support to cells. Once separated
from ECM, the cytoskeleton disassembly of CTCs induces the activa-
tion of caspase proteases, leading to programmed cell death named as
anoikis** (Fig. 1a).

We established the microgel-based preservation platform that
was proposed to protect model CTCs from the above-mentioned three
types of lesions during HP at 4 °C (Fig. 1c). Firstly, the Transwell culture
assay was used to investigate the effects of single variable, ROS
scavenging or ECM-mimic support to cells, for prolonged HP periods
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Fig. 1| A Zwitterionic microgel preservation platform for CTCs in whole blood
specimen. a The shedding process of CTCs from the in vivo tumor site (middle)
and lesions of CTCs in whole blood specimen during HP (left and right). b The
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of breast cancer cells. The following three preservation systems were
designed and constructed: (1) cell-embedded ZBVA hydrogel system
for both ROS scavenging and ECM mimicking (Supplementary
Fig. 12a); (2) cell-embedded PCB microgel preservation system for 3D
ECM-mimic support (Supplementary Fig. 12b); and (3) ZBVA-N

hydrogel system, where ZBVA hydrogel was separated with cells by
Transwell and solely for the purpose of ROS scavenging. (Supple-
mentary Fig. 12c).

Firstly, the scavenging of ROS, including H,O, and +OH, was
evaluated in three preservation systems without cells. As shown in
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Fig. 2 | Formation and properties of the ZBVA hydrogel. a Schematic diagram of
the ZBVA hydrogel formation by ZBA and ZVA microgel assembly. b The micro-

structure diagram of the two types of microgels and boronic ester bonds in ZBVA
hydrogel. Rheological properties (c) of ZBVA hydrogel upon a constant strain of 1%,
a strain between 0.1% and 100% (d), and step strain switch from 1% to 300% (e). The

ROS scavenging performance (f) and intracellular ROS (g) of MCF-7 cells in CPDA or
gels. h The viability of MCF-7 cells during different HP periods. For f-h values
represent mean * s.d. of n =3 independent experiments and the two-tailed Stu-
dent’s t test related p values are indicated.

Supplementary Fig. 13a, in both ZBVA and ZBVA-N hydrogel pre-
servation systems, 50% of H,0, was decreased within 30 min and
almost 100% was eliminated in 210 min. Contrarily, in the PCB microgel
system, as well as the control group, i.e., CPDA (commercial protec-
tant), there was a negligible decrease in H,0, content. Figure 2f pre-
sents the ROS scavenging activity of these systems against *OH by
using methylene blue (MB) as a probe. «OH, produced by Fenton
reaction, can rapidly decrease the absorbance of MB solution in both
the PCB microgel system and CPDA solution, while the decreases in
ZBVA and ZBVA-N systems were significantly slowed down, indicating
their «OH-scavenging activity (Fig. 2f and Supplementary Fig. 13b). To
confirm the ROS scavenging activity for cells during HP, the breast
cancer cells (MCF-7) were used in the three preservation systems.
Figure 2g shows, initially, the negligible oxidative stress to cells in all
the three systems owing to their excellent biocompatibility; until

adding the ROS-up reagent, a large amount of ROS was immediately
produced in each system. Compared to the continuous increase in the
intracellular ROS level in the CPDA and PCB systems, the value of ROS
in cells remains more stable after 90 min in the ZBVA and ZBVA-N
systems after 90 min, attributable to the reduction of the boronated
bonds. Additionally, the flow cytometry results (Supplementary
Fig. 14a, b) and fluorescence microscopic images (Supplementary
Fig. 14c) at the 150-min cell incubation in the systems further
demonstrated that the ZBVA/ZBVA-N systems could efficiently elim-
inate the over-expressed ROS from cells.

Secondly, we utilized these preservation systems to investigate
the effect of 3D ECM-mimic support for HP (at 4 °C) of cells. As shown
in Fig. 2h and Supplementary Fig. 15, cell viability was inversely pro-
portional to the preservation period in all these systems. At day 4,
almost half of cell deaths occurred in the CPDA sample, the ZBVA and

Nature Communications | (2023)14:4958



Article

https://doi.org/10.1038/s41467-023-40668-1

PCB systems still maintained >75% viability, while a slightly lower sur-
vival rate was observed in the ZBVA-N system. During 8-12 days, the
ZBVA hydrogel system showed the significantly highest viability, and
the higher rate observed in ZBVA-N than in the PCB system indicated
that ROS overproduction was the primary cellular lesion in the late HP
period. Cell survival rate of approximately 70% of in the ZBVA hydrogel
on the 8™ day and of 50% on the 12™ day illustrated the critical role of
synergistic protective effects (3D support and ROS scavenging) in
long-term HP of cells. The 8-day preserved cells were found to sustain
the cellular attachment ability, membrane integrity, and proliferation
ability similar to fresh cells, indicating the normal functions of viable
cells (Supplementary Fig. 16a, b). Supplementary Figure. 16¢ confirmed
the activity of viable cells using the flow cytometry assays. Addition-
ally, the well-preserved lung adenocarcinoma GLC-82 cells in the ZBVA
system were also verified in Supplementary Fig. 17a-d. Moreover, we
extruded zwitterionic hydrogels through different pore-diameter steel
sieves to achieve different-size microgels (250 pm, 200 pum, and
100 pum) for preserving cells. The results showed non-gel formation by
microgels with >250 pm diameter, while microgels with 200 or 100 pm
were difficult to uniformly mix with living cells (10-20 pm), although
cell preservation efficiency was negligibly affected by microgel sizes in
Supplementary Fig. 18. Therefore, in consideration of operation and
gel formation, we chose 50-um-diameter microgels for the blood
preservation platform.

Thirdly, platelet activity and other cell viability in whole blood
preservation were investigated, as shown in Fig. 3. There was almost a
constant count (-94%) of the separated platelet rich plasma preserved
in the ZBVA hydrogel, which was significantly higher than those of PCB
and ZBVA-N systems, especially compared to 50% of the decrease in
CPDA sample during the 7-day preservation (Fig. 3a and Supplemen-
tary Fig. 19a). The results demonstrated the efficient prevention of
platelet disruption and aggregation by the ZBVA hydrogel system and
indicated the requirement of both hydrophilic 3D isolated environ-
ment and ROS scavenging toward platelet stabilization. P-selectin
(CD62) and free cytosolic calcium on the 7-day preserved platelets
were tested to evaluate the activated platelets (Fig. 3b and Supple-
mentary Fig. 19b, c). The activated platelets in the ZBVA system
decreased by 36-50% compared to that in CPDA sample. Subsequently,
the whole blood specimens of the patients were further preserved,
shown in a schematic process in Supplementary Fig. 20, and the pla-
telets and other cells in the specimens were investigated (Fig. 3c-e).
The 7-day preserved blood samples were stained using Wright-Giemsa
assay, and the graphics presents platelet aggregation in the CPDA
group, whereas significant inhibition was observed in the ZBVA system
(Fig. 3¢). Additionally, the hematology analysis of other cell types in
blood specimens, including white blood cells (WBCs), monocytes
(MONs), lymphocytes (LYMs), granulocytes (GRAs), RBCs, as well as
the indicators of RBCs, suggested a negligible decrease in the count of
other cells and RBC functions after a 7-day preservation, compared
with the fresh specimens. (Supplementary Fig. 21). To test the long-
term cell stabilization and further verify the protection mechanisms of
ZBVA hydrogel, we prolonged the preservation time to 42 days, which
beyond the maximum shelf life of RBCs in CPDA for transfu-
sion (35 days). As shown in Fig. 3d, the coagulation cascade was acti-
vated in one of the 20 blood specimens (coagulation problem
happened in one sample among 20 samples) preserved in CPDA on the
10" day, although the anticoagulant heparin was added. The abnormal
blood clotting phenomenon in the blood specimens of tumor patients,
so-called disseminated intravascular coagulation, is due to the abnor-
mal coagulation pathways mediated by cancer procoagulant, tumor
cell surface tissue factor, ROS, or other molecules/enzymes from the
tumor environment*>*¢, Contrarily, the ZBVA systems can inhibit pla-
telet activation relying on platelet isolation and ROS scavenging. At
42 days, the colors in all CPDA-preserved blood samples darkened
(more Hb was oxidized to metHb) while ZBVA presented a bright red

color (less oxidized metHb) (Fig. 3d and Supplementary Fig. 22a). The
results of hemolysis, oxygen-binding capacity (2,3-DPG), and oxidation
process (level of metHb and H,0,) fully demonstrated the whole blood
stabilization and anti-oxidant property of the ZBVA system (Fig. 3e and
Supplementary Fig. 22b, c).

Overall, we can conclude the well protection of CTCs in whole
blood from hypothermic lesions, including ROS overproduction, cold-
induced platelet activation and ECM loss-induced anoikis, highly
dependent on the unique properties of ZBVA hydrogel system. The
boronated bonds of ZBVA result in the reduction of ROS; meanwhile,
3D zwitterionic surroundings not only provide ECM-mimic support to
cells but also mitigate excessive ROS production, as previously
reported”’. The antifouling zwitterionic 3D matrix can isolate the pla-
telets and provide a super-hydrophilic environment to inhibit their
activation, owing to the specific zwitterionic structure with equal
positive and negative charges® (Fig. 1c).

Whole blood stabilization toward CTC preservation

Based on the systematic investigations of the ZBVA hydrogel against
three types of lesions, a cohort study of blood specimens of 20 breast
cancer patients was evaluated, as shown in Fig. 4. Owing to the rare-
ness of CTCs in the whole blood sample (1 of CTCs per 10° hematologic
cells in the blood of metastatic cancer patients), only a small fraction of
CTCs (-5 cells in 1 mL of patient blood sample) would result in the large
randomness and poor repeatability on cell viability during long-term
preservation**=°. To address it, we developed a model system by
spiking cancer cells into patient blood samples to accurately evaluate
the performance of preservation platform®**"*!, We performed a 7-day
preservation of model CTCs in whole blood specimens by ZBVA and
CPDA as a control. Upon magnetic separation, blood samples were
processed using a CTC enrichment kit (Supplementary Fig. 23a). The
isolated model CTC-rich solution was subsequently investigated by
fluorescence confocal microscopy, and the results are shown in Sup-
plementary Fig. 23b. Obviously, both CD45" and CD326" cells could be
detected in the fluorescence photographs, indicating that there were
WBCs and CTCs in the enriched solution. The analysis from the blood
analyzer presented the trace of RBCs, WBCs, and platelets in the
enriched solution, achieving the detection thresholds for flow cyto-
metry (Supplementary Fig. 23c). Then, flow cytometry was combined
with rigorous gating methods to precisely distinguish apoptosis and
death of the targeted model CTCs (Supplementary Fig. 24).

Only during the 1-day preservation, the viability of model CTCs in
the CPDA solution was sharply decreased to 50% (Fig. 4a). As the FACS
files in Fig. 4b and Supplementary Figs. 25 and 26 the process of CTC
apoptosis and death showed that half of the cells initiated the apop-
tosis procedure on the first day, as detected with Annexin-V (Fig. 4c).
More cells showed apoptosis and then quickly died within 2 days. On
the 5 day, all of the CPDA-preserved cells died. It can be speculated
that anoikis primarily induced remarkable apoptosis, and subse-
quently ROS accumulation accelerated the CTC death process.
Instead, in the ZBVA hydrogel system, almost none of CTCs initiated
the apoptosis process during the first 3 days; only 25% of CTCs were
found to have an apoptosis signal after the 5-day preservation. On the
7" day, the mean viability of CTCs in 20 different blood samples was
maintained at -65%, doubling the viable preservation duration repor-
ted so far.

Table 1 concluded the characteristics of 20 donors, including age,
blood type, cancer stage, and the post-preserved model CTC viability
in their blood samples. The correlation analysis of recipients’ basic
information and cell viabilities were calculated using SPSS software,
and the results are shown in Supplementary Fig. 27. There was no
correlation between patient characteristics and ZBVA-gel-preserved
CTC survival in their whole blood. Supplementary Fig. 28 shows a
heatmap presenting the preservation efficacy of CTCs in the blood
specimens of 20 patients, suggesting that the preservation efficiency
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Fig. 3 | Inhibition of platelet activation in the ZBVA hydrogel system. a The
platelet counts during the 7-day storage. b The platelet activation level on the 7
day assessed by percentage of P-selectin by flow cytometry. ¢ The representative
images of fresh platelets (left), 7-day preserved platelets in the CPDA solution
(middle) and ZBVA hydrogel (right). d The pictures and microscope graphics of the

whole blood specimen preserved in the CPDA solution and ZBVA hydrogel. e The
basic function of RBCs, including 2.3-DPG, H,0,, and metHb level, in 42-day pre-
served whole blood specimens. For a, b, and e, values represent mean +s.d. of n=3
independent experiments and the two-tailed Student’s ¢ test related p values are
indicated.

of ZBVA hydrogel was superior to standard commercial CPDA pro-
tectant. These results highlighted the versatility of the ZBVA hydrogel
system toward long-term HP of targeted rare cells in whole blood
specimens.

Molecular profiling of 7-day preserved model CTCs
The ultimate purpose of liquid biopsy is to discover the predictive
biomarkers, the mechanism of drug resistance, and the efficacy of the

personalized drug, relying on molecular profiling information in CTCs,
such as the transcriptomic profiling of RNA. However, RNA is a fragile
bioinformatics molecule in CTCs. RNA degradation will be directly
induced by oxidative bursts and hemolysis in whole blood
specimens®. As reported, a significant RNA degradation was observed
within 4 h in ex-vivo blood’. Therefore, the World Health Organization
has recommended the limitation of 2-h storage duration of extracted
blood for precise RNA analysis’.
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Fig. 4 | Model CTC life span to 7 days in the whole blood specimen of 20
patients. a The viability of CTCs in patient blood preserved by CPDA and ZBVA
hydrogel during 7 days. The apoptosis and live/death state of CTCs in the whole

blood tested by flow cytometry (b) and confocal fluorescence microscopy (c). For
a, values represent mean + s.d. of n=20 independent experiments and the two-
tailed Student’s ¢ test related p values are indicated.

Here, we validated the maintenance of RNA integrity in viable
CTCs preserved with the ZBVA hydrogel system and CPDA for 7 days.
The RNA quality (RNA integrity number, RIN) in the CTCs was firstly
evaluated (Fig. 5a and Supplementary Fig. 29a). The mean RIN value of
CTCs in ZBVA hydrogel was 9.63 on the 3rd day and 9.23 on the 7" day,
indicating a negligible difference from CTCs in the fresh blood sam-
ples. In stark contrast, CTCs retrieved from the CPDA solution had a
greater amount of degraded RNA (RIN = 7.73 on the 3" day and 5.56 on
the 7" day). We further investigated the gene expression and signal
markers on the preserved CTCs. The RNA-Seq, a whole-transcriptomic
profiling approach, was used. Gene expression of the marker of breast
cancer (CA and CEA gene family), CTCs (EPCAM and EMP), self-

antioxidant system (MT-ND6), and proliferation (e.g., RGCC, ATOHS,
and PRKDC) were detected, as shown in Fig. 5b. For the control group
(CPDA), significant changes were found in almost all gene expressions,
as compared with the fresh sample group. While there was no differ-
ence in the 24 genes in CTCs between the fresh blood sample and the
sample preserved by using the ZBVA hydrogel. The principal compo-
nent analysis (PCA) of all gene expression data in the 15 groups was
applied to determine any significantly different orientations between
the fresh and CPDA-preserved CTCs (Fig. 5c). The volcano plots in
Fig. 5d-e presented only five gene changes in ZBVA-preserved CTCs,
and they were all not cancer-specific genes. Instead, in CPDA-
preserved CTCs, 1243 gene changes containing 646 gene expression
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Table 1 | Recipient characteristics and model CTC viability in their blood specimens preserved for 7 days

Recipient characteristics

Model CTC viability

Age Blood type Cancer stage ZBVA hydrogel CPDA
Day1 Day3 Day5 Day7 Day1 Day3 Day5 Day7
Patient-1 58 B A 91% 87% 79% 73% 34% 22% 13% 6%
Patient-2 61 A 1A 92% 88% 78% 75% 42% 15% 7% 8%
Patient-3 47 B 0 94% 88% 81% 64% 30% 32% 10% 7%
Patient-4 68 (¢} A 92% 86% 75% 54% 33% 39% 8% 8%
Patient-5 58 B A 97% 81% 78% 76% 30% 30% 9% 6%
Patient-6 46 A A 97% 84% 69% 7% 32% 27% 9% 7%
Patient-7 39 AB 1B 94% 83% 74% 52% 75% 26% 13% 4%
Patient-8 43 (e} 1A 98% 89% 84% 74% 73% 32% 9% 8%
Patient-9 52 AB B 93% 89% 68% 81% 67% 23% 9% 6%
Patient-10 68 AB A 95% 85% 78% 64% 29% 18% 4% 7%
Patient-11 68 A B 94% 89% 80% 63% % 45% 4% 7%
Patient-12 54 (¢} A 95% 90% 81% 60% 30% 44% 3% 1%
Patient-13 36 B 1A 94% 90% 80% 46% 54% 9% 5% 7%
Patient-14 44 (¢} 1A 90% 88% 81% 44% 50% 40% 5% 6%
Patient-15 39 B B 91% 87% 79% 53% 59% 13% 9% 5%
Patient-16 38 A 1A 93% 88% 70% 63% 54% 29% 7% 7%
Patient-17 35 AB 1B 88% 88% 78% 73% 60% 37% 8% 5%
Patient-18 46 (¢} A 91% 86% 72% 74% 51% 24% 7% 0%
Patient-19 44 B 0 89% 88% 74% 75% 61% 27% 8% 8%
Patient-20 62 B A 92% 87% 78% 72% 44% 0% 9% 3%

All patients are female.

The informed consent for the publication of basic information (age, sex, blood type and cancer stage) in this research from all patients were provided.

upregulations and 597 gene downregulations were observed (Sup-
plementary Fig. 29b). The top 30 up- and downregulated genes are
listed in Supplementary Fig. 29c. We then carried out a gene ontology
(GO) enrichment analysis of the biological process, cellular compo-
nent, and molecular function terms (GO: BP, GO: CC, and GO: MF) for
the up- and downregulated gene sets. The top ten significant changes
in each term in the ZBVA system were selected and shown in Fig. 5f and
those in the CPDA are shown in Supplementary Fig. 30. Strikingly, the
changed terms of CTCs in the ZBVA system were only associated with
the self-antioxidant systems, and the related genes were down-
regulated. Meanwhile, the genes in the same terms of CPDA-preserved
CTCs were all upregulated, indicating the overexpression of self-
antioxidant-related proteins or enzymes in cells. This phenomenon
was attributed to the ROS accumulation in the CPDA, while ROS
scavenging property of the ZBVA hydrogel. The other top ten sig-
nificantly changed terms in the CPDA-preserved CTCs were all asso-
ciated with the behavior of cell localization. We believe that the
localization-related gene upregulation was due to ECM loss in the
liquid CPDA-based environment.

In summary, the molecule profiling analysis reflected the high
RNA quality and negligible gene changes in model CTCs preserved in
the ZBVA hydrogel, which was attributable to the protective mechan-
ism from the main HP injuries of the designed preservation system.

Discussion

Herein, we designed a zwitterionic microgel-based preservation plat-
form against three types of HP lesions toward rare CTCs in the whole
blood specimen, including ROS overproduction, ECM loss, and platelet
activation. It was attributed to the unique design of this microgel-
based platform, which are as follows: the boronated bonds among
microgel assemblies, and 3D support environment provided by the
non-fouling polymeric network. Meanwhile, the MNPs in the micro-
particles can ensure effortless retrieval of preserved cells. In a cohort
study of 20 cancer patients, this platform was verified to significantly

prolong the lifespan of model CTCs in specimens to 7 days, which was
twice as long as the current viable preservation duration. Moreover,
the systematic molecule profiling analysis reflected the high RNA
quality and negligible gene changes in CTCs preserved in this platform,
compared to the up/down regulation expression of 1243 genes in the
CPDA-preserved CTCs. This work clarifies the main lesions to the rare
targeted cells in blood specimens, and the preservation platform
reported here can pave the road to the development of blood-based
noninvasive diagnostic systems.

Methods

Ethic approval statement

The Medical Ethic Committee of Tianjin Medical University Cancer
Institute and Hospital conducted a serious rapid review of the men-
tioned research project. After review, the Medical Ethics Committee
approved the research protocol (protocol number is bc2021066) and
agreed to the study “Zwitterionic Microgel Preservation Platform for
Circulating Tumor Cells in Whole Blood Specimen” for research pub-
lication. Human Samples and Data usage in this research follow Privacy
Protection Principle, which effectively protect personal privacy.

Materials

The carboxybetaine methacrylate (CBMA) monomer and magnetic
Fe304 nanoparticle (MNP) were synthesized using a method previously
reported®*. Methylacrylamide phenylboric acid (MPBA) monomer,
fructose, and polyvinyl alcohol (PVA) were procured from Heowns.
Ammonium persulfate (APS), N,N’-Methylenebisacrylamide (MBAA),
and N,N,N’,N-Tetramethylethylenediamine (TEMED) were purchased
from Acros. The MTT Assay kit was sourced from Abcam, while the
CTCs EasySep kit was obtained from StemCell. Ltd. RPMI-1640 Mem-
orial Institute-1640, DMEM Dulbecco’s Modified Eagle’s Medium, and
FBS fetal bovine serum were all obtained from Gibco. DMSO and PBS
phosphate-buffered saline were procured from Beijing Solarbio Sci-
ence and Technology Company Co., Ltd. The Wright-Giemsa Stain
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Fig. 5| Model CTCs for molecular profiling including RNA sequencing and Gene
Ontology (GO) enrichment. a The RNA integrity number (RIN) values of model
CTCs isolated from fresh or preserved blood specimens. b Scaled heatmap of
specific breast cancer gene expression in the model CTCs from the fresh or pre-
served blood specimens. ¢ Principal component analysis (PCA) of CTCs from the
fresh or preserved blood specimens. Significant gene expression changes in model
CTCs from the ZBVA hydrogel preservation system (d) and CPDA solution (e).fTop
ten significant changes in biological processes (BP), cellular component (CC), and

molecular function (MF) in CTCs preserved in the ZBVA hydrogel on the 7 day.
The y axis on the left indicates the significance score shown as -log(padj). The right
y axis indicates the ratio of the number of GO pathway correlated genes that map
the total significant expressed genes (green line). The pink dashed line indicates
where the -log(padj) equals 1.3, which is the boundary score between significance
and non-significance. For a, values represent mean + s.d. of n =3 independent
experiments and the two-tailed Student’s ¢ test related p values are indicated.
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Assay kit was sourced from Nanjing Jiancheng Bioengineering Insti-
tute. The Live/Dead Assay kit, HSA/FITC, and BSA/FITC were all pur-
chased from Invitrogen. The Nicotinamide adenine dinucleotide
(NAD*/NADH) analysis kit, hydrogen peroxide (H,0,) analysis Kkit,
reactive oxygen species (ROS) analysis kit, and Fluo-4 AM calcium
assay kit were procured from Beyotime Biotechnology Co., Ltd. CPDA
was purchased from Shanghai Xinfan Biology and Science Company
Co., Ltd, and the CPDA solution was prepared by mixing CPDA and
deionized water (DI) water at a ratio of 1.5:10. The GLC-82 and MCF-7
cell lines were purchased from Meisen Cell Technology Company Co.,
Ltd, and the catalog numbers are CTCC-007-0001 and CTCC-0342-
Luc2, respectively. Whole blood samples utilized in this study were
donated by human breast cancer patients, the informed consent were
provided.

The Annexin-V/7AAD apoptosis detection kit, CD326(EpCAM)
monoclonal antibody-Alexa Fluor 488, CD45 monoclonal antibody-
APC, and CD62P monoclonal antibody-PE were procured from
Shanghai Universal Biotech Company Co., Ltd. The detailed informa-
tion of each antibodies is described in Supplementary Table 2.

Terminology of different gels in this work

ZBA, ZVA, and PCB hydrogels after the first synthetic step were named
as ‘bulk ZBAZVA/PCB hydrogel’; after extruding steps, they were
named as ‘ZBA/ZVA/PCB microgel. ZBA and ZVA microgels could
construct a ‘ZBVA hydrogel’.

Cell preparation

Preparation of cancer cells. GLC-82 and MCF-7 cells were cultured in
RPMI 1640 and DMEM medium containing 10% FBS and 1% P/S,
respectively, at 37 °C in a cell incubator with 5% CO,. The cells were
detached using trypsin-EDTA, collected by centrifugation at 114 g for
4 min, and finally resuspended in culture medium for further use.

Preparation of blood cells and platelets. Whole blood samples uti-
lized in this study were from human donors. The red blood cells (RBCs)
and platelets were enriched via density gradient centrifugation (114 g,
10 min) in SepMate tubes.

Synthesis and characterization of bulk ZBA, ZVA, and PCB
hydrogels

Synthesis of MNPs. Magnetic Fe;04 nanoparticles (MNPs) were syn-
thesized via a previously reported method™. In brief, 4.9 g FeCl; 6H,0
and 2.1g FeCl, 4HO were dispersed in 30 mL of DI water under nitro-
gen gas protection. Subsequently, 8 mL of strong ammonia was added
to the solution under vigorous mechanical stirring, and the reaction
temperature was gradually increased to 75 °C for 1 h. Finally, the MNPs
were collected and purified using a magnet wash process with DI for
three cycles. Dynamic light scattering (DLS) technology was used for
size distribution detection of MNPs.

Synthesis of CBMA monomer: Briefly, 300 mL anhydrous acetone
and 60 mL DMAEMA were added to a flask after the oxygen removing
process. Then the mixture was stirred at room temperature until they
were completely dissolved. Under continuous stirring at 0 °C, a solu-
tion of beta-propiolactone (21.82 mL, 0.35 mol) was carefully added
dropwise to the flask. The reaction proceeded for a duration of 2 h.
Following this, the resulting product was subjected to washing with
ether and subsequently dried under vacuum conditions for a per-
iod of 24 h.

Synthesis of bulk ZBA hydrogel. The bulk ZBA hydrogel was pro-
duced using thermo-polymerization method reported before*®. Briefly,
1.05g CBMA and 0.525g MPBA monomers were dissolved in 1.5mL
DMSO and 1.5 mL DI water to prepare the mixed solution. Then 0.3 g
MNPs, 11 mg MBAA, 10 mg APS, 10 pL. TEMED were added into the
mixed solution and stirred for 5 min. The resulting solution was then

transferred into a mold and heated at 60 °C for 6 h to obtain the bulk
magnetic hydrogel.

Synthesis of bulk ZVA hydrogel. To prepare the PVA solution, solid
0.5 g PVA was dissolved uniformly in 5 mL DI water. Then, 2g CBMA,
0.5 g MNPs, 20 mg MBAA, 20 mg APS, and 20 pL TEMED were added to
the PVA solution and stirred for 10 min. The solution was then placed
into a mold and heated at 60 °C for 6 h to create the first network of
CBMA via one-step polymerization. The mold was subsequently
transferred to a refrigerator at 4 °C for 8 h and then warmed to room
temperature for 2 h. This process led to the successful synthesis of
bulk ZVA hydrogel after the formation of the PVA network.

Synthesis of bulk PCB hydrogel. Bulk PCB hydrogel was prepared by
the previously reported method™. Briefly, 1g CBMA, 8 mg APS, 10 mg
MBAA, 7 uL TEMED was dissolved into 2.5 mL DI water uniformly. Then
the solution was placed at 60°C for 6 h to get the bulk hydrogel.

Thermogravimetry (TGA) test of various gels. The TGA system of
METTLER-TOLEDO was used to perform the TGA test. An empty cru-
cible was used to obtain a baseline measurement. The hydrogel sample
was then placed in the crucible, purged with nitrogen, and heated at a
rate of 10 °C/min from room temperature (25 °C) to 800 °C. The mass
change data of the sample was recorded throughout the heating
process.

Differential scanning calorimetry (DSC) test of various gels. Differ-
ent hydrogel samples (5-10 mg) were placed in aluminum pans. For
testing the Ty point, samples were cooled from 20 °Cto —20 °C at arate
of 10 °C min’, kept at —20 °C for 5 min. Then, samples were warmed at
arate of -5 °C min™ to 200 °C. To detect the melting point, the samples
(5 mg) were heated from 20 °C to 300 °C at a scanning rate of 5 °C/min.

X-ray photoelectron spectroscopy (XPS) test of gels. Three types of
bulk hydrogel samples were freeze-dried before the test. The surface
elements of the samples were analyzed by K-Alpha+ x-ray photoelec-
tron spectrometer (Thermo Fisher, America) which recorded spectra
within a range of 0-1400 eV at intervals of 0.1eV.

Mechanical strength tests of gels. The mechanical properties of bulk
hydrogels were tested by using a universal mechanical test machine.
Specifically, a sample with a cross-sectional area of 5 mm? and a length
of 20 mm was subjected to a stretch rate of 5Smmmin™ at room tem-
perature. The resulting tensile curves were used to calculate the elastic
modulus of different samples.

Equilibrium water content (EWC) of bulk hydrogels. The hydrogel
disks with 5 mm diameter were made from bulk hydrogels. Then, the
hydrogel disks were allowed to swell to equilibrium state in DI water
for 120 h. The swollen disks were weighed and dehydrated by freeze-
drying for 72 h. The dried disks were also weighed.

The equilibrium water content of each hydrogel was measured by
Eq. (1)

EWC= ( - %) x100% Q)

S

where Mg and My are the mass of swollen and dried hydrogels,
respectively.

Protein adsorption test. Fluorescence-labeled BSA-FITC and HAS-FITC
proteins were employed to investigate the protein adsorption of
hydrogels. To this end, hydrogel disks were placed in 24-well plates,
and 200 pL of protein solution was added to each well. After 2 h of
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incubation in the dark, the samples were rinsed at least 3 times and
observed under a fluorescence microscope.

Cell adhesion test. In this study, the cell adhesion of hydrogels was
evaluated using GLC-82, MCF-7, and human platelet cell lines. Speci-
fically, 5x10° cells/mL were seeded onto the hydrogel disks in each
well and incubated at 37 °C under 5% CO, for 72 h. After washing the
hydrogels three times, the number of adherent cells was calculated by
microscopy. The number of cells in a tissue culture polystyrene dish
was used as a positive control (P, 100%). The original cell numbers (O)
of the experimental groups were recorded, and the final values (F)
were calculated using the following Eq. (2).

- % x100% @)

Cytocompatibility test. The hydrogels were soaked in moderate cul-
ture medium for the extractions in culture chamber for 24 h. Then
GLC-82 and MCF-7 cells with the concentration of 10° cells/mL were
added into 48-well plate with different extraction. After 72 h incuba-
tion, the live and dead cells were photographed in fluorescence
microscope by using a Live/Dead Assay kit. The number of cells in
tissue culture polystyrene dish was considered as the positive control
(P, 100%). The original cell numbers (O) of experimental groups
were determined, and the final values (F) were calculated using the
following Eq. (3).

= % x100% 3)

Synthesis of ZBA, ZVA, PCB microgels

Microgels were prepared by extruding bulk hydrogels through copper
wire meshes with varying mesh hole diameters, ranging from 500 pm
to 50 um. To achieve the desired size of ~50 um, three types of bulk
hydrogels were passed through each mesh at least twice. The micro-
gels with diameters of approximately 200 pm and 100 pm were
obtained during this process. All batches were then sterilized by
ultraviolet for 48 h and lyophilized before the final use.

Establishment and characterization of ZBVA hydrogel
Establishment of ZBVA hydrogel. Different mass ratio of ZBA and
ZVA microgels with total mass of 60 mg were put into 1mL CPDA
solution. Then the bulk ZBVA hydrogels would be formed in solution
within a short time.

Rheological characterization of ZBVA hydrogel. Rheological mea-
surements were conducted using an MCR 302 rheometer. Oscillatory
frequency sweeps with a constant strain of 1%, oscillatory strain sweeps
with strains ranging from 0.1% to 100%, and step-strain test with step-
strains ranging from 1% to 300% were all performed at room
temperature.

Magnetic separation of microgels. The ZBVA hydrogel was rapidly
dissociated within 3 min by using 3 mL 0.2M fructose solution. The
dissociated hydrogel could then be collected efficiently using a mag-
netic grate. Meanwhile, 3 mL of PBS solution were added to CPDA/
blood samples or other experiment groups to maintain the volume
consistency. The final dilution of different groups was maintained at
the same level (Quadruple dilution).

In vitro hydroxyl radical (+OH) scavenging ability. To evaluate the
*OH scavenging ability of different hydrogels, methylene blue (MB)
was used for detecting the change of «OH concentration in various
systems. Typically, MB (10 pg/mL) was added into *OH containing

solution (mixture of 1mM H,0, and 0.2mg/mL FeCl, 4H,0) and
incubated with different gels and CPDA solution. The absorption of
whole system at 664 nm was measured every 30 min.

In vitro H,0, scavenging ability. To evaluate the H,0, scavenging
ability, 1 mM H,0, solution was incubated with different hydrogels or
CPDA solution. The concentration of H,O, was tested by H,0, analysis
kit every 30 min.

ROS scavenging ability in cell system. GLC-82 cells were plated at a
density of 1x105 cells/mL in a 96-well plate and incubated for 24 h.
Subsequently, 50 pL of DCFH-DA culture medium was added to each
well and incubated for 1 h. The culture medium was then replaced with
different hydrogels or CPDA solution, followed by the addition of
100 pL of ROS-up regent to each system. The fluorescence intensity
was measured every 60 min using a microplate reader and fluores-
cence microscope.

Characterization of cells after hypothermic preservation

Cell hypothermic preservation. Flow tubes, tube holders and all the
other apparatus used in cell experiments were sterilized using an
autoclave before use. 1 x10° cancer cells (1 x10° platelets or 1 x10"
RBCs) and different lyophilized hydrogels was added into 1 mL CPDA
solutions, and cells in CPDA solution was regarded as the control.
ZBVA hydrogel system was established by adding 33 mg of ZBA and
ZVA microgels into 1 mL CPDA solution with either 1 x10° tumor cells, 1
x10° platelets, or 1 x10" RBCs. All preservation systems were then
straightly stored in a refrigerator (4 °C).

Whole blood specimen preservation. Whole blood specimens were
mixed with CPDA at a ratio of 10:1.5 to obtain CPDA-preserved whole
blood. To establish the ZBVA hydrogel system, 33 mg of ZBA and ZVA
microgels were added into 1 mL of CPDA-preserved whole blood. All
preservation systems were then immediately stored in a refrig-
erator at 4 °C.

Cell viability test. Cell viability after preservation was assessed using a
Live/Dead Assay kit. Briefly, cell suspensions (20 pL) from various
preservation systems were mixed with staining solution (80 pL) in a 96-
well plate. The plate was then incubated at room temperature for
30 min in the dark. Fluorescence microscopy was used to capture
images of the plate, and the number of live (green) and dead (red) cells
was counted to calculate cell viability.

Cell attachment test. Following the preservation process, cells from
various preservation systems were washed with PBS and resuspended
in culture medium. The suspension was then seeded in 24-well plates
and incubated for 12 h in a cell chamber. Different fields were chosen
under the microscope and the number of cells attached in each field
was quantified.

Cell proliferation test. The cells resuspended from different pre-
servation systems were cultured in a 12-well plate, and the number of
cells attached to the substrate was counted every 24 h to evaluate the
proliferation ability of the cells.

Platelets counting. Platelet counts in various preservation systems
were determined using a BM21B blood analyzer (Baolingman, China).
The initial platelet counts were considered as the positive control (P,
100%). The original platelet counts (O) of experimental groups were
measured and the final values (F) were calculated using Eq. (4).

- % X100% 4)
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Platelet p-selectin test. Platelets harvested from different systems
were then resuspended at the concentration of 5 x10%/mL in PBS. After
centrifugation at 114 g for 8 min, concentrated platelets were stained
with CD62P-PE gently homogenized in a vortex mixer. Platelets were
then incubated at room temperature for about 30 min and analyzed by
FASCAria Ill, the flow cytometer (BD Bioscience, USA). The data of
fresh platelets were regarded as the negative control (N, 0% of P-
selectin, no activated platelets). The data of platelets activated by
appropriated collagen were regarded as the positive control (P, 100%
of P-selectin, fully activated platelets)®®*°. After testing the original data
(O) of experimental groups, all final value (F) was calculated by Eq. (5).

_4x0-N
P

The used platelets in control and experimental groups were from
the same patient.

F x100% (3)

Platelet free calcium test. Fresh and preserved platelets were resus-
pended at the concentration of 5 x10%/mL in PBS. After centrifugation
at 114 g for 8 min, the concentrated platelets were stained by a calcium
assay kit. Briefly, 500 uL 2 umol/L of Fluo-4 AM was added in the
concentrated platelets, and incubated in 37 °C of environment for
30 min. After the complete probe loading and washing by 3 times of
PBS solution, the fluorescence intensity of platelets were detected by a
microplate reader (Tecan M200Opro, Switzerland).

Whole blood staining method. Wright's-Giemsa Staining method
(Wright's-Giemsa Staining kit) was used for whole blood staining.

Number changes of cells in whole blood. The number of different
types of cells in whole blood was calculated by BM21B blood analyzer
(Baolingman, China).

RBCs hemolysis test. RBCs hemolysis test. To prepare the standard
curve of hemolysis, 40 pL aliquots of fresh RBC solutions were mixed
with 960 pL of PBS (negative control) and DI water (positive control),
respectively. The 100% hemolysis group was subsequently diluted to
create additional hemolysis control groups at 90%, 80%, 70%...10%
using DI water. Supernatants from each group were added to a 96-well
plate and their absorbance at 450 nm was measured by a microplate
reader. The constructed hemolysis standard curve is shown in the
following Eq. (6).

OD value — 4.238
232

To test the hemolysis data of different experimental groups,
40 pL of RBCs solution from each group was added to 960 pL of PBS
and the collected supernatant was measured at 450 nm. The hemolysis
of RBCs in each experimental group was then determined by com-
paring the measured absorbance to the standard curve.

The used RBCs in control and experimental groups were from the
same patient.

Hemolysis = x100% (6)

The oxygen-binding capacity, and oxidation level test of RBCs.
Oxygen-binding capacity and the level of oxidation process of RBCs
were evaluated by a 2,3-DPG test kit, H,O, test kit, and metHb test kit.
The data of fresh blood cells are regarded as positive control (P,
represented 100%). After testing the original data (O) of experimental
groups, all final value (F) was calculated by Eq. (7).

_4x0—N
==

The used RBCs in control and experimental groups were from the
same patient.

F x100% 7)

Characterization of model CTCs after hypothermic preservation
Preparation of model CTCs. 2000 of MCF-7 cells were added in 1 mL
whole blood to simulate CTCs. Blood samples were extracted from
different breast cancer patients.

Hypothermic preservation of whole blood with model CTCs. To
preserve model CTCs in whole blood samples, ZBVA hydrogel system
was established by adding 33 mg of ZBA and ZVA microgels into whole
blood samples. The CPDA solution system was obtained by mixing
1mL of blood sample with 150 pL of CPDA. All preservation systems
were then straightly stored in a refrigerator (4°C).

Viability and apoptosis test of model CTCs. After separation from
ZBVA and CPDA system, model CTCs in the whole blood were then
enriched by CTCs EasySep kit with magnetic activated cell sorting
method. To accurately detect model CTC viability and distinguish
them from white blood cells, residual red blood cells, and platelets, the
enriched solutions were stained with CD45-APC, Annexin-V-FITC, and
7AAD, and gently homogenized in a vortex mixer. After a 30-min
incubation at room temperature, the stained solution was analyzed
using the FASCAria Ill flow cytometer (BD Bioscience, USA). The results
from Flow Cytometry tests were analyzed by FlowJo (version 10.6.2).
The viability data of fresh model CTCs were considered as the positive
control (P, almost 100%). The original data (O) of experimental groups
were then tested, and all final values (F) were calculated using Eq. (8).

4x0—N
F_f

The used model CTCs in control and experimental groups were
from the same specimen.

x100% ()

Molecular profiling analysis of model CTCs after hypothermic
preservation

RNA extraction and qualification. Model CTCs in ZBVA hydrogel and
CPDA solution were enriched every 2 days during hypothermic pre-
servation. Fresh model CTCs was recognized as the control. The
separated model CTCs were used for molecular profiling analysis. RNA
integrity was assessed by using RNA Nano 6000 Assay kit of the
Bioanalyzer 2100 system (Agilent Technologies, USA).

RNA-seq expression. Total RNA was used as input material for the
RNA sample preparation. Then, mRNA was purified by magnetic beads
and broken into short fragments. The RNA sequencing libraries were
constructed and sequenced by Qubit 2.0 Fluorometer and Agilent
2100 bioanalyzer. The different libraries were qualified the effective
concentration by qRT-PCR, and pooled for Illumina sequencing.

RNA-seq data analysis. Clean data (clean reads) were obtained by
removing irrelevant reads (containing adapter, poly-N). Then, FPKM of
each gene was calculated as the gene expression level. Afterward,
differential expression analysis of different groups was performed by
DESeq 2 and gene with an adjusted P-value < 0.05 was labeled as dif-
ferentially expressed. The mapped reads of each sample were assem-
bled by StringTie (version 1.3.3b) (Mihaela Pertea.et al. 2015) in a
reference-based approach. Gene Ontology (GO) enrichment analysis
was mapped and calculated by the clusterProfile R. GO terms (P-
value<0.05) were significantly enriched by the differentially
express genes.

The detailed information of reagents and instruments used in this
section can be found in Supplementary Data 1.

Statistical analysis
All data were presented as means and standard deviation (Means +
s.d.). To test the significance of differences, a paired two-tailed
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Student’s ¢ test using Graph Pad was determined, as indicated in the
figure legends. The Pearson and Spearman correlation coefficients
were used in correlation analysis by SPSS software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the data that supports the findings of this
manuscript can be found in the Supplementary Information and are
available free of charge or available from the corresponding author
upon request. Source data are provided with this paper. RNA-seq Data
files are released publicly in the NCIB SRA repository. The Biosample
accession codes and links are: “SRR25208120”, “SRR25208117”,
“SRR25208114”, “SRR25208119”, “SRR25208116”, “SRR25208113”,
“SRR25208121”, “SRR25208118”, “SRR25208115”, “SRR25208111",
“SRR25208108”, “SRR25208110”, “SRR25208107”, “SRR25208112” and
“SRR25208109”. Any additional requests for information can be
directed to, and will be fulfilled by, the lead contact. Source data are
provided with this paper.

References

1. Verghese, R., Srinath, S. & Jayaram, C. Circulating tumor. Cells Rev.
Oral. Maxillofac. Pathol. J. 13, 141-145 (2022).

2. Malone, E. R., Oliva, M., Sabatini, P. J. B., Stockley, T. L. & Siu, L. L.
Molecular profiling for precision cancer therapies. Genome Med.
12, 8 (2020).

3. Pereira-Veiga, T., Schneegans, S., Pantel, K. & Wikman, H. Circu-
lating tumor cell-blood cell crosstalk: Biology and clinical rele-
vance. Cell Rep. 40, 111298 (2022).

4. |Ignatiadis, M., Sledge, G. W. & Jeffrey, S. S. Liquid biopsy enters the
clinic - implementation issues and future challenges. Nat. Rev. Clin.
Oncol. 18, 297-312 (2021).

5. Cohen, J. D. et al. Detection and localization of surgically resect-
able cancers with a multi-analyte blood test. Science 359,
926-930 (2018).

6. Perakis, S. & Speicher, M. R. Emerging concepts in liquid biopsies.
BMC Med. 15, 75 (2017).

7. Grolz, D. et al. Liquid biopsy preservation solutions for standardized
pre-analytical workflows-venous whole blood and plasma. Curr.
Pathobiol. Rep. 6, 275-286 (2018).

8. Brungs, D. et al. Cryopreservation for delayed circulating tumor cell
isolation is a valid strategy for prognostic association of circulating
tumor cells in gastroesophageal cancer. World J. Gastroenterol. 24,
810-818 (2018).

9. Wong, K. H. K. et al. Whole blood stabilization for the microfluidic
isolation and molecular characterization of circulating tumor cells.
Nat. Commun. 8, 1733 (2017).

10. Miller, M. C., Doyle, G. V. & Terstappen, L. W. Significance of cir-
culating tumor cells detected by the cellsearch system in patients
with metastatic breast colorectal and prostate cancer. J. Oncol.
2010, 617421 (2010).

1. Sarioglu, A. F. et al. A microfluidic device for label-free, physical
capture of circulating tumor cell clusters. Nat. Methods 12,
685-691 (2015).

12. Boya, M. et al. High throughput, label-free isolation of circulating
tumor cell clusters in meshed microwells. Nat. Commun. 13,
3385 (2022).

13. Mehes, G., Witt, A., Kubista, E. & Ambros, P. F. Circulating breast
cancer cells are frequently apoptotic. Am. J. Pathol. 159,

17-20 (2001).

14. Molloy, T. J., Bosma, A. J. & van't Veer, L. J. Towards an optimized
platform for the detection, enrichment, and semi-quantitation cir-
culating tumor cells. Breast Cancer Res. Treat. 112, 297-307 (2008).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lee, M. C. W. et al. Single-cell analyses of transcriptional hetero-
geneity during drug tolerance transition in cancer cells by RNA
sequencing. Proc. Natl Acad. Sci. Usa. 111, E4726-E4735 (2014).
Mikolajczyk, S. D. et al. Detection of EpCAM-negative and
cytokeratin-negative circulating tumor cells in peripheral blood. J.
Oncol. 201, 252361 (2011).

Dirix, L. et al. Circulating tumor cell detection: a prospective com-
parison between CellSearch (R) and RareCyte (R) platforms in
patients with progressive metastatic breast cancer. Breast Cancer
Res. Treat. 193, 437-444 (2022).

Winer-Jones, J. P. et al. Circulating tumor cells: clinically relevant
molecular access based on a novel CTC flow cell. PLoS One 9,
e86717 (2014).

Cho, E. H. et al. Characterization of circulating tumor cell aggre-
gates identified in patients with epithelial tumors. Phys. Biol. 9,
016001 (2012).

Allard, W. J. et al. Tumor cells circulate in the peripheral blood of all
major carcinomas but not in healthy subjects or patients with
nonmalignant diseases. Clin. Cancer Res. 10, 6897-6904 (2004).
Murray, K. A. & Gibson, M. |. Chemical approaches to cryopre-
servation. Nat. Rev. Chem. 6, 579-593 (2022).

Graham, B., Fayter, A.E. R., Houston, J. E., Evans, R. C. & Gibson, M. I.
Facially amphipathic glycopolymers inhibit ice recrystallization. J.
Am. Chem. Soc. 140, 5682-5685 (2018).

Pesenti, T. et al. Degradable polyampholytes from radical ring-
opening copolymerization enhance cellular cryopreservation. ACS
Macro Lett. 11, 889-894 (2022).

Mitchell, D. E., Lovett, J. R., Armes, S. P. & Gibson, M. I. Combining
biomimetic block copolymer worms with an ice-inhibiting polymer
for the solvent-free cryopreservation of red blood cells. Angew.
Chem. Int. Ed. Engl. 55, 2801-2804 (2016).

Biggs, C. I. et al. Polymer mimics of biomacromolecular antifreezes.
Nat. Commun. 8, 1546 (2017).

Estudillo, E. et al. Cryopreservation of gametes and embryos and
their molecular changes. Int. J. Mol. Sci. 22, 10864 (2021).

Larman, M. G., Katz-Jaffe, M. G., McCallie, B., Filipovits, J. A. &
Gardner, D. K. Analysis of global gene expression following mouse
blastocyst cryopreservation. Hum. Reprod. 26, 2672-2680 (2011).
Lin, C. & Tsai, S. The effect of cryopreservation on DNA damage,
gene expression and protein abundance in vertebrate. Ital. J. Anim.
Sci 11, e21 (2012).

Wang, H. et al. Transcriptome analysis reveals key gene expression
changes in blue catfish sperm in response to cryopreservation. Int.
J. Mol. Sci. 23, 7618 (2022).

Qin, J., Alt, J. R., Hunsley, B. A., Williams, T. L. & Fernando, M. R.
Stabilization of circulating tumor cells in blood using a collection
device with a preservative reagent. Cancer Cell Int. 14, 23 (2014).
Stefansson, S., Adams, D. L., Ershler, W. B., Le, H. & Ho, D. H. A cell
transportation solution that preserves live circulating tumor cells in
patient blood samples. BMC Cancer 16, 300 (2016).

Lin, X. et al. Zwitterionic carboxybetaine polymers extend the shelf-
life of human platelets. Acta Biomater. 109, 51-60 (2020).

Xiang, B. et al. Calcium ion chelation preserves platelet function
during cold storage. Arterioscler. Thromb. Vasc. Biol. 41,

234-249 (2021).

Khudyakov, A. N., Polezhaeva, T. V., Zaitseva, O. O., Sergushkina, M.
I. & Solomina, O. N. Use of inert gases for the preservation of nuclear
blood cells. Braz. Arch. Biol. Technol. 62, €19180204 (2019).
Tzounakas, V. L. et al. Sex-related aspects of the red blood cell
storage lesion. Blood Transfus. 19, 224-236 (2021).

Rogers, S. C. et al. Quantifying dynamic range in red blood cell
energetics: evidence of progressive energy failure during storage.
Transfusion 61, 1586-1599 (2021).

Reddoch-Cardenas, K. M. et al. Cold storage of platelets in platelet
additive solution maintains mitochondrial integrity by limiting

Nature Communications | (2023)14:4958

13


https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208120&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208117&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208114&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208119&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208116&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208113&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208121&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208118&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208115&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208111&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208108&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208110&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208107&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208112&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR25208109&display=metadata

Article

https://doi.org/10.1038/s41467-023-40668-1

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

initiation of apoptosis-mediated pathways. Transfusion 61,
178-190 (2021).

Isola, H. et al. Removal of citrate from PAS-IIl additive solution
improves functional and biochemical characteristics of buffy-coat
platelet concentrates stored for 7 days, with or without INTERCEPT
pathogen reduction. Transfusion 61, 919-930 (2021).

Han, H. J. et al. Fibronectin regulates anoikis resistance via cell
aggregate formation. Cancer Lett. 508, 59-72 (2021).

Yu, M. et al. Circulating breast tumor cells exhibit dynamic changes
in epithelial and mesenchymal composition. Science 339,
580-584 (2013).

D’Alessandro, A. et al. Hypoxic storage of red blood cells improves
metabolism and post-transfusion recovery. Transfusion 60,
786-798 (2020).

Yoshida, T., Prudent, M. & D'Alessandro, A. Red blood cell storage
lesion: causes and potential clinical consequences. Blood Transfus.
17, 27-52 (2019).

Nishiyama, M. et al. Effects of anticoagulants and storage tem-
perature on immature platelet fraction % (IPF%) values in stored
samples measured by the automated hematology analyzer, XE-
5000-utility of CTAD-anticoagulation and room temperature sto-
rage. Rinsho Byori. Jpn. J. Clin. Pathol. 59, 452-458 (2011).
Simpson, C. D., Anyiwe, K. & Schimmer, A. D. Anoikis resistance and
tumor metastasis. Cancer Lett. 272, 177-185 (2008).

Kvolik, S., Jukic, M., Matijevic, M., Marjanovic, K. & Glavas-Obrovac,
L. An overview of coagulation disorders in cancer patients. Surg.
Oncol. 19, e33-e46 (2010).

Vitale, F. V., Longo-Sorbello, G. S., Rotondo, S. & Ferrau, F. Under-
standing and treating solid tumor-related disseminated intravas-
cular coagulation in the “era” of targeted cancer therapies. SAGE
Open Med. 5, 2050312117749133 (2017).

Bai, T. et al. Expansion of primitive human hematopoietic stem cells
by culture in a zwitterionic hydrogel. Nat. Med. 25, 1566-156 (2019).
Millner, L. M., Linder, M. W. & Valdes, R. Circulating tumor cells: a
review of present methods and the need to identify heterogeneous
phenotypes. Ann. Clin. Lab. Sci. 43, 295-304 (2013).

Nagrath, S. et al. Isolation of rare circulating tumour cells in
cancer patients by microchip technology. Nature 450, 1235-1239
(2007).

Ross, A. A. et al. Detection and viability of tumor cells in peripheral
blood stem cell collections from breast cancer patients using
immunocytochemical and clonogenic assay techniques. Blood 82,
2605-2610 (1993).

Li, H. et al. Detection of circulating tumor cells from cryopreserved
human sarcoma peripheral blood mononuclear cells. Cancer Lett.
403, 216-223 (2017).

Martinet, W., De Meyer, G. R. Y., Herman, A. G. & Kockx, M. M.
Reactive oxygen species induce RNA damage in human athero-
sclerosis. Eur. J. Clin. Invest. 34, 323-327 (2004).

World Health Organization. Use of anticoagulants in diagnostic
laboratory investigations & stability of blood, plasma and serum
samples. http://apps.who.int/iris/bitstream/10665/65957/1/ (2002).
Liu, X. et al. A pressure-resistant zwitterionic skin sensor for
domestic real-time monitoring and pro-healing of pressure injury.
Biosens. Bioelectron. 214, 114528 (2022).

Yang, J. et al. The hypothermic preservation of mammalian cells
with assembling extracellular-matrix-mimetic microparticles. J.
Mater. Chem. B 5, 1535-1541 (2017).

56. Guo, H., et al. Pro-healing zwitterionic skin sensor enables multi-
indicator distinction and continuous real-time monitoring. Adv.
Funct. Mater. 9, 2106406 (2021).

57. Zhao, W. et al. Slime-resistant marine anti-biofouling coating with
PVP-based copolymer in PDMS matrix. Chem. Eng. Sci. 207,
790-798 (2019).

58. Farndale, R. W. Collagen-induced platelet activation. Blood Cells
Mol. Dis. 36, 162-165 (2006).

59. Lindhout, T., Bevers, E. & Heemskerk, J. Platelet activation and
blood coagulation. Thromb. Haemost. 88, 186-193 (2017).

Acknowledgements

This research is supported by the National Key Research and Develop-
ment Program of China (2022YFC2104800); the National Natural Sci-
ence Foundation of China (21908160, 22078238, 21961132005); and the
Tianjin health research project (ZC20173).

Author contributions

J.Y., Y.M,, and L.Z., designed the experiment, Y.M., Y.T., Y.F., S.T., J.Z,,
and Q.L., performed the experiment, Y.M. wrote the manuscript, J.Y. and
L.Z. edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-40668-1.

Correspondence and requests for materials should be addressed to
Jing Yang or Lei Zhang.

Peer review information Nature Communications thanks Praveen
Vemula, Andrij Pich and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4958

14


http://apps.who.int/iris/bitstream/10665/65957/1/
https://doi.org/10.1038/s41467-023-40668-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Zwitterionic microgel preservation platform for circulating tumor cells in whole blood specimen
	Results
	Construction of zwitterionic microgel preservation platform
	ROS scavenging, platelet stabilization and ECM-mimic support to cells by ZBVA hydrogels
	Whole blood stabilization toward CTC preservation
	Molecular profiling of 7-day preserved model CTCs

	Discussion
	Methods
	Ethic approval statement
	Materials
	Terminology of different gels in this work
	Cell preparation
	Preparation of cancer cells
	Preparation of blood cells and platelets
	Synthesis and characterization of bulk ZBA, ZVA, and PCB hydrogels
	Synthesis of MNPs
	Synthesis of bulk ZBA hydrogel
	Synthesis of bulk ZVA hydrogel
	Synthesis of bulk PCB hydrogel
	Thermogravimetry (TGA) test of various gels
	Differential scanning calorimetry (DSC) test of various gels
	X-ray photoelectron spectroscopy (XPS) test of gels
	Mechanical strength tests of gels
	Equilibrium water content (EWC) of bulk hydrogels
	Protein adsorption test
	Cell adhesion test
	Cytocompatibility test
	Synthesis of ZBA, ZVA, PCB microgels
	Establishment and characterization of ZBVA hydrogel
	Establishment of ZBVA hydrogel
	Rheological characterization of ZBVA hydrogel
	Magnetic separation of microgels
	In vitro hydroxyl radical (•OH) scavenging ability
	In vitro H2O2 scavenging ability
	ROS scavenging ability in cell system
	Characterization of cells after hypothermic preservation
	Cell hypothermic preservation
	Whole blood specimen preservation
	Cell viability test
	Cell attachment test
	Cell proliferation test
	Platelets counting
	Platelet p-selectin test
	Platelet free calcium test
	Whole blood staining method
	Number changes of cells in whole blood
	RBCs hemolysis test
	The oxygen-binding capacity, and oxidation level test of RBCs
	Characterization of model CTCs after hypothermic preservation
	Preparation of model CTCs
	Hypothermic preservation of whole blood with model CTCs
	Viability and apoptosis test of model CTCs
	Molecular profiling analysis of model CTCs after hypothermic preservation
	RNA extraction and qualification
	RNA-seq expression
	RNA-seq data analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




