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The rise of extracellular matrix (ECM)-supported three-dimensional (3D) cell culture systems which bridge the
gap between in vitro culture and in vivo living tissue for pharmacological models has increased the need for simple
and robust cell viability assays. This study presents the development of an effective biosensing assay for in situ
monitoring of the catecholamine neurotransmitter exocytosis levels for cell viability assessment within
complicated cell-encapsulated hydrogel milieu. Firstly, the biosensing assay demonstrated the distinction among

lines
Catecholamine neurotransmitter four pheochromocytoma (PC12) cell lines with varying degrees of differentiation and the discrepancy in cellular
Exosome neurosecretory capacity between two-dimensional (2D) monolayer and 3D agarose hydrogel culture conditions,

accompanied by morphological distinctions. Secondly, the electrochemical biosensing assay was performed for
viability monitoring of PC12 cell lines following various treatments, including oxidative stress injury (OSI)
induced by H205 and intervention protected by nimodipine, bone marrow mesenchymal stem cells (BMMSC)
supernatant and BMMSC-derived exosomes under 2D and 3D milieus. Of note, BMMSC-derived exosomes
exhibited high cytoprotection, anti-oxidation effect, endogenous esterase activity and membrane integrity
against OSI. Collectively, the biosensing assay results showed principal but not entire consistency with that of
conventional cell-counting kit-8 assay. Therefore, the developed biosensing assay allows for sensitive and in situ
cell viability assays in spatial ECM environment, which has broad applications in monitoring physiological and
pathological processes.

1. Introduction dimensionality of ECM around the cells and recovers cellular spatial

organization [5]. Specifically, 3D cell culture answers to retaining nat-

Owing to its high metabolic rate and relatively poor cellular regen-
eration capacity, the brain is particularly susceptible to oxidative stress
injury (OSI) [1]. Oxidative stress reflects the disruption of an intricate
balance between the production of oxidants and the antioxidant defense
mechanism, and is implicated in neurodegenerative diseases (ND)
caused by various genetic or environmental insults, such as Parkinson’s
disease (PD), Alzheimer’s disease (AD), epilepsy, amyotrophic lateral
sclerosis (ALS), Huntington’s disease (HD), etc. [2,3]. As such, the
application of cell culture-based methodology in OSI studies is of great
importance to discern the role and pathogenesis of oxidative stress in
ND. Conventional flask-based two-dimensional (2D) cell culture partly
compromises the clinical relevance and hampers predictive capacity due
to the lack of cell-cell and cell-extracellular matrix (ECM) interactions
[4]. In this regard, three-dimensional (3D) cell culture increases the
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ural cell shape, allows gradient availability of media components, and
permits high cell viability and proliferation [6]. Currently, hydrogels as
3D scaffolds for hosting cells possess swelling feature (ability to swell
but without dissolving in water), 3D viscoelastic networks, good
biocompatibility and high permeability for nutrients and oxygen, which
greatly imitate the built-in bioactivity of ECM architecture [7,8]. For
instance, Zhang et al. reported that MING6 cells cultured in 3D tunable
hydrogel exhibited greatly increased insulin synthesis and glucose
sensitivity compared to planar culture [9].

To alleviate oxidative stress damage, a variety of synthetic or natural
antioxidants, drugs and bioactive substances have been assessed in
preclinical studies concerning ND [10-12]. Among them, bone marrow
mesenchymal stem cells (BMMSC), a type of fibroblast-like pluripotent
adult stem cells, have attracted great attention due to their autologous
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source, wide availability and low tumorigenicity [13]. BMMSC-based
therapeutic approaches mainly involve cellular replacement therapy
and paracrine effect [14]. The latter indirectly influences the neuro-
cellular niche via release of neuroprotective factors and constituents to
induce or enhance neurogenesis [15]. Of note, via paracrine-mediated
mechanism, exosomes (membrane-enclosed vesicles with a size of
30-150 nm, containing proteins, lipids, and microRNAs from their
parent cells) can shuttle through intracellular vesicles to exert thera-
peutic effects against OSI [16]. Additionally, BMMSC-derived exosomes
possessed merits of stability in circulation and low immunogenicity
[17], exhibiting promising potential as a biotherapy to boost the
recipient cell function.

For the evaluation of therapeutic strategies to ameliorate OSI, the
measurement of cell viability is the principal response for evaluating the
effect of experimental treatments, especially in preclinical studies. Till
now, cell-based assays for evaluating viability have predominantly been
measured with microplate readers, flow cytometers, or high content
imaging [18,19]. Among them, the most commonly used method in
laboratories is colorimetric assay, such as 3-(4,5-dimethyl-2-th-
iazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and cell counting
kit-8 (CCK-8), due to their high sensitivity, standardized readout and
simple operation [20,21]. However, MTT and CCK-8 results may be
assay-dependent, as evidenced by Jiao et al.’s inconsistent cell viability
results for both assays in the cytotoxicity test of graphene [22]. Our
previous findings underscored notable functional differences between
mitochondrial enzyme activity and neurosecretory activity in 2D cell
culture [23]. Worse still, spectroscopic interference may occur when
colored exogenous substances are introduced. Notably, due to the
technical complexity of multilayer-3D cell viability assay, colorimetric
results may lead to false-positive or false-negative results [24], and
optical measurements often require the expensive confocal microscopy
or even two-photon microscopy. Furthermore, colorimetric assays are
end-point and non-real-time owing to a certain incubation time
requirement. Consequently, a sensitive, real-time and in situ viability
assay is an urgent need in 3D cell culture system. Electrochemical bio-
sensing method holds great promising potential for assessment of cell
viability via directly converting biologically functional signals (secre-
tory or expression capacity of specific substances, such as neurotrans-
mitters, reactive oxygen species, reactive nitrogen species, adenosine
triphosphate, enzyme activity, etc.) into electrical signals [25-27].
Electrochemical analysis unfolds considerable merits of low detection
limit, rapid response, portability, high selectivity, cost-effectiveness and
minimal expertise requirements [28,29], further indicating its advan-
tages in viability assay. On-line electrochemical monitoring of exocy-
tosis of catecholamine neurotransmitters from living cells cultured in 3D
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milieu can reflect the pathophysiological state in real time, surmounting
the technical barriers of 3D cell viability through colorimetric and im-
aging assays and serving as promising candidates for drug screening and
toxicity assessment.

In this work, to surmount the limitations inherent to 2D models, we
integrated 3D cell culture techniques to advance to a more physiologi-
cally relevant assessment of cellular functions, thereby comparatively
analyzing neurosecretion and mitochondrial enzymatic activities within
a 3D framework. In response to the challenge of 3D cell viability assay,
we developed an electrochemical biosensing assay to in situ assess
oxidative stress-dependent cell damage and drug efficacy through
monitoring the neurosecretory capacity in 3D agarose hydrogel milieu.
As shown in Scheme 1, the prepared electrochemical biosensor (screen-
printed carbon electrode modified with gold nanostructures and Nafion,
abbreviated as Nafion/AuNS/SPCE) was used to distinguish the exocy-
tosis capacity of catecholamine neurotransmitters (represented by
dopamine, DA) of four pheochromocytoma (PC12) cell lines with
various treatments. Of note, PC12 cell lines possess merits of homoge-
neous and unlimited propagation, capacity to undergo neuronal differ-
entiation, and exocytosis of catecholamines and acetylcholine, which
have been widely used for establishing OSI cell models [23,30-32].
Different PC12 cell lines were used to mimic neurons with different
degrees of differentiation for investigating the levels of neurotransmitter
release and evaluating drug intervention under OSI condition. For
intervention evaluation, the neuroprotective effect of nimodipine,
BMMSC supernate and BMMSC-derived exosomes was investigated. On
the comparison of 2D flat culture and 3D agarose hydrogel-encapsulated
culture, proliferation rate and neurosecretory capacity were studied.
The electrochemical biosensing of cell viability following different
treatments, accompanied by the traditional colorimetric assay, demon-
strated an improvement in cellular stimuli-sensitivity to a degree under
the 3D cell culture system. The viability results obtained by those two
assays were basically but not entirely consistent, which may be due to
the different assessing factors. Collectively, the developed electro-
chemical biosensing assay can realize in situ, real-time, accurate and
sensitive evaluation of real cellular pathophysiological conditions. As an
auxiliary method for assessing cell viability, electrochemical biosensing
assay is expected to be used in various cellular processes of PC12 cells,
such as cell differentiation, intervention, senescence, apoptosis, etc.

2. Experimental section

Reagents, apparatus, construction and characterization of Nafion/
AuNS/SPCE, construction and intervention of OSI models, isolation and
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Scheme 1. Schematic illustration of in situ cell viability and drug evaluation biosensing assay for catecholamine neurotransmitters released from living PC12 cells.
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nimodipine can be referred in Supplementary Information.

3. Results and discussion
3.1. Characterization of cell morphology

The PC12 cell lines, firstly cloned by Greene and Tischle from a
pheochromocytoma tumor, possess merits of homogeneous propagation
in the unlimited way, capacity to undergo neuronal differentiation in
response to nerve growth factor (NGF), and neuroendocrine secretion
(catecholamines and acetylcholine), which are greatly used in neuro-
logical disease modeling [23,30-32]. To evaluate the versatility of the
developed biosensing assay, we adopted and monitored multiple PC12
cells, consisting of the purchased PC12 cells with various degrees of
differentiation (un/low/highly-differentiated PC12 cells) and the
self-made NGF-induced low-differentiated PC12 cells (NGF-differ-
entiated PC12 cells).

The morphology and proliferation ability of un/low/highly/NGF-
differentiated PC12 cells were observed by scanning electron micro-
scope (SEM) and confocal laser scanning microscope (CLSM). As shown
in Fig. 1A, under 2D culture, undifferentiated PC12 cells grew as uni-
formly spherical shaped, floating cell clusters or as a few scattered
lightly attached cells. Low-differentiated PC12 cells were polygonal and
round in a few (Fig. 1B). The morphology of highly-differentiated PC12
cells was fusiform (Fig. 1C). In Fig. 1D, NGF-differentiated PC12 cells
(low-differentiated PC12 cells after exposure to 50 ng/mL NGF for 7
days) displayed a substantial increase in neurite length. The CLSM im-
ages showed four PC12 cell lines in medium (Fig. 1E-H) and hydrogel-
encapsulated ambience (Fig. 1I-L). The proliferative ability of four
PC12 cell lines was reflected by fluorescent intensity with respect to
living PC12 cells (initial number: 1 x 10*) stained with 0.1% calcein
acetoxymethyl ester after 48 h of culture. The highly-differentiated

50 pm
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PC12 cells possessed greatest growth rate (Fig. 1G), while the undif-
ferentiated PC12 cells had the lowest counterpart among the four cell
lines (Fig. 1E). The NGF-differentiated PC12 cells recovered their pro-
liferative ability after replaced with a serum-containing medium
(Fig. 1H), resembling their pre-differentiated state (Fig. 1F). This trend
was also observed under hierarchically culturing conditions (Fig. 1I-L),
indicating a highly biocompatible environment furnished by agarose
hydrogels.

3.2. Characterization and analytical performance of Nafion/AuNS/SPCE

The morphology of Nafion/AuNS/SPCE was characterized by SEM.
After electrodeposition, AuNS were observed to form clusters in a
flower-like hierarchical structure (Fig. 2A), providing a large effective
surface for the loading of targeted analytes. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were carried out to
reflect the stepwise modification of the electrochemical biosensor.
Clearly, in Fig. S1B, the redox peaks of AuNS/SPCE (curve b) were
enhanced in a solution containing 1 mM [Fe(CN)6]3’/ 4~ and 0.1 M KCI
as the supporting electrolyte, compared with bare SPCE (curve a). Upon
Nafion modification (curve c), the peak current slightly reduced owing
to electrostatic repulsion between the negatively charged Nafion and [Fe
(CN)G]S’/ 4~ in solution. The results were further verified in Fig. S1A.
Additionally, in Fig. S1C, the charge-transfer resistance (R.¢) of the bare
SPCE (curve a, 5660 Q) remarkably decreased with the deposition of
AuNS (curve b, 1517 Q) and Nafion/AuNS (curve c, 1837 Q).

The analytical performance of the proposed electrochemical
biosensor was respectively evaluated in 10 mM PBS (pH 7.4) and 3D
decellularized matrix hydrogel. The decellularized matrix hydrogel was
obtained by digesting cells with trypsin for 3 h to kill cells, removing
trypsin and cleaning cell debris with PBS. Differential pulse voltamme-
try (DPV) measurements showed the oxidation peak current response

Fig. 1. (A-D) SEM images of un/low/highly/NGF-differentiated PC12 cells under 2D conditions. (E-H) CLSM images of un/low/highly/NGF-differentiated PC12
cells on 2D confocal dishes. (I-L) CLSM reconstruction images of un/low/highly/NGF- differentiated PC12 cells in 3D agarose hydrogels.
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Fig. 2. (A) SEM image of Nafion/AuNS/SPCE. (B) DPV measurements of various concentrations of DA in decellularized matrix hydrogel. (C) Linear relationship
between current response values and concentrations of DA. Curves a to j: 0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5, 0.75, 1 pM DA (n = 3). (D) DPV responses of
0.5 pM DA (curve a) and 0.5 pM DA in the presence of 50 pM AA, 50 pM UA and 105 mM K™ (curve b) at Nafion/AuNS/SPCE in decellularized matrix hydrogel. (E)
Normalized current values of five distinctive Nafion/AuNS/SPCE to detect 0.1 pM DA in decellularized matrix hydrogel. Insets: the normalized current values at the
same biosensor repeated for five times. Iy was the current value of the first test, I was the current value of the subsequent test. (F) Catecholamine neurotransmitters
determination of un/low/highly/NGF-differentiated PC12 cells (about 1.5 x 10* cells) under 2D and 3D culture conditions. The data were mean + standard de-
viation values of three independent experiments (n = 3). Compared between two groups, ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns > 0.05.

was aggrandized with increasing concentrations of DA (Fig. 2B and
Fig. S2). In PBS, the developed biosensor exhibited linearity with DA
concentrations from 0.1 nM to 10 nM and 10 nM to 0.1 puM, and the
linear regression equations were calculated as I (pA) = 8.29 + 3414.73
Cpa (M) and I (pA) = 40.03 + 255.84 Cpp (pM) with the correlation
coefficients of 0.999 and 0.992, severally. The limit of detection (LOD,
S/N = 3) was 79.8 pM (Fig. S2B). In decellularized matrix hydrogel, the
DPV current was linear with DA concentrations ranging from 5 nM to
100 nM and 100 nM to 1 pM. The linear regression equations were I (1A)
=11.14 4 294.18 Cpa (uM), R? = 0.995, and I (pA) = 37.27 + 28.20 Cpa
(M), R? = 0.999, with a LOD of 214.9 pM (S/N = 3) (Fig. 2C). There
were two separate linear relationships in both PBS and decellularized
matrix hydrogel for the following reasons. At low DA concentrations,
due to the enhanced diffusive effects on the surface of electrode, even
small changes in concentration can contribute to significant change in
current response, further resulting in high sensitivity. At high DA levels,
the high possibility of fouling the electrode surface by the reaction
products may lead to a lower slope. The two separate linear relationships
were basically consistent with the literature [33].

In addition, the selectivity of Nafion/AuNS/SPCE toward DA was
assessed in the presence of potential co-existing substances in PBS (pH
7.4) (Fig. S3) and decellularized matrix hydrogel (Fig. 2D). The DPV
responses showed two distinct peaks at around 0.008 V and 0.15 V were
observed, corresponding to the oxidation of DA and uric acid (UA),
severally. Ascorbic acid (AA) and K" barely affected the current signal.
The discrepancy in peak potential and the relatively low peak current of
UA demonstrated that the developed biosensor exhibited good selec-
tivity toward DA. To evaluate the intra-group and inter-group repro-
ducibility of Nafion/AuNS/SPCE, the five repetitive measurements on
the same biosensor and one measurement on five different biosensors
were carried out by DPV measurements of 0.1 pM DA in PBS (pH 7.4)
and decellularized matrix hydrogel, respectively. The relative standard
deviations (RSD) for successive determinations in PBS and decellular-
ized matrix hydrogel were 0.78% and 1.6%, separately (insets of Fig. S4
and Fig. 2E). The current responses of the biosensor decreased to 98.0%

and 96.1% of their original values. Furthermore, as shown in Fig. 54, the
RSD of five diverse electrodes under conventional PBS circumstance was
4.36%, while in decellularized matrix hydrogel it was 3.32% (Fig. 2E).
These detailed investigations demonstrate the excellent reproducibility
of the biosensor. Collectively, these results illustrate the successful
construction of the biosensing assay and its feasibility toward DA
determination in biological niches with satisfactory accuracy.

3.3. Electrochemical biosensing assay of DA released from living PC12
cells

The neurobiological studies concerning monitoring neurotransmitter
exocytosis from PC12 cells were performed using the proposed
biosensor. Extracellular Kt could cause depolarization of cell mem-
brane, inducing an influx of Ca?* through opening of voltage-sensitive
Ca?* channels and thus evoking the cellular exocytosis of catechol-
amines and acetylcholine [34]. Analysis of DA secreted by ca. 1.5 x 10*
PC12 cells (Fig. 2F) exhibited that NGF-differentiated PC12 cells
secreted the most amount of DA, followed by highly-differentiated and
undifferentiated cells, and low-differentiated cells released the least.
This gradient indicates the diverse biological capacity among the cell
states, corroborating our prior findings [23]. Moreover, 3D-cultured
cells had greater secretory capacity than conventional culture, which
was attributed to factors such as real-time and in situ determination, an
increase in specific surface area of cell/hydrogel-stimuli, a relatively
slow release rate of K, and the enriched DA on electrode surface by
mobile colloid property of agarose hydrogel. Furthermore, recovery
studies were performed by standard addition methods in both PBS and
agarose hydrogel. The recoveries severally lied in the range of 91.2%—
123% (Table S1) and 98.4%-114% (Table S2), which could indirectly
illustrate the developed biosensor’s accuracy for detecting DA in 2D and
3D conditions.
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3.4. Construction and intervention of OSI models

As a central player in neurodegenerative diseases, oxidative stress is
a pathophysiological response where the disequilibrium between the
production of oxidants and the antioxidant defense mechanism occurs
and net reactive oxygen/nitrogen species increases [35]. HyO5 is widely
used to imitate OSI within a short time period [36]. Nimodipine, a
dihydropyridine calcium channel blocker, exhibits high affinity and
specificity for brain calcium-channel receptors, conferring great neuro-
protective effects [37,38]. In this regard, we monitored the HyO
modeling effect and drug intervention effect on four PC12 cell lines
under both 2D and 3D conditions, using the CCK-8 assay to gauge
cellular mitochondrial dehydrogenase viability as an indicator of cell
viability, and the electrochemical biosensing assay to access neuro-
transmitters secretion capacity, indicative of cell biological activity.

3.4.1. H,0 modeling effect investigation

The cell viability of un/low/highly/NGF-differentiated PC12 cells
exposed to HyO; in 2D serum-free medium and 3D agarose hydrogel
environments was shown in Fig. 3A-D. As expected, incubation with
H20; caused a significant dose-dependent decrease in cell viability, with
the half maximal inhibitory concentrations (ICsg) of HoO5 displayed in
Table S3, which was basically consistent with the studies [39,40]. The
four PC12 cell lines exhibited discrepancy in tolerance. Notably, in 2D
condition, the ICs( values of HyO5 determined by electrochemical bio-
sensing assay diverged from those determined by the CCK-8 assay,
potentially due to different assessing factors, a finding consistent with
our previous study [23]. However, in 3D condition, this difference was
significantly reduced, due to the homogeneous culture and stability of
cellular function, indicating the superiority of 3D culture. Additionally,
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the ICsg in 3D environment was lower than in 2D environment, attrib-
uted to increased cell/hydrogel-H,03 interaction surface area, a slower
H,0, release rate, and greater exposure to exogenous injury.

3.4.2. Nimodipine safety and intervention effect study

Firstly, safety evaluation of nimodipine on un/low/highly/NGF-
differentiated PC12 cell viability was assessed by CCK-8 assay. As
shown in Fig. S5, high concentrations of nimodipine demonstrated high
cytotoxicity, thus the range of intervention concentration was chosen at
5-40 puM for 2D and 5-50 pM for 3D conditions. And the relatively slow
release rate of nimodipine in the 3D agarose hydrogel mitigated acute
toxicity. Then, the optimal intervention concentrations of drug were
determined via CCK-8 and electrochemical biosensing assays. Fig. 4A-D
depicted a dose-dependent inhibition of cell viability in 2D cultures,
with inconsistent results in 3D agarose hydrogel, indicating different
drug sensitivities under various culture systems. The electrochemical
biosensing assay, aligning with CCK-8 in 3D condition, confirms
neurosecretory capacity as a reliable indicator of cell viability and the
assay’s validity for screening drug efficacy. To compare the intervention
effect between 2D and 3D environments, we chose 5 pM nimodipine as
intervention concentration, providing a standardized threshold to
evaluate the differential impacts of the drug in both culture systems.

3.5. Intervention effect investigation of various substances

BMMSC, as fibroblast-like pluripotent adult stem cells, possesses
cytoprotection, anti-apoptosis, = immunoregulation and anti-
inflammatory functions through paracrine mechanisms [41,42].
Recently, BMMSC intervention methods mainly include BMMSC
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Fig. 3. Effects of HyO5 on cell viability of un/low/highly/NGF-differentiated PC12 cells (A-D) under 3D conditions measured by CCK-8 and electrochemical bio-
sensing (abbreviated as EC) assays. Insets: cell viability of four PC12 cells under 2D conditions as above. The data were mean =+ standard deviation values of three

independent experiments (n = 3).
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Fig. 4. Intervention effects of nimodipine on cell viability of un/low/highly/NGF-differentiated PC12 cells (A-D) measured by CCK-8 and electrochemical biosensing
(EC) assays. (E) TEM image of BMMSC-derived exosomes. Inset: size distribution of BMMSC-derived exosomes. (F) Histograms of cell viability corresponding to
undifferentiated (green), low-differentiated (pink), highly-differentiated (blue) and NGF-differentiated (brown) PC12 cells determined by electrochemical biosensing
assay under 2D (upper) and 3D (lower) milieus in various conditions: culturing with serum-containing RPMI 1640 medium (blank control group, serves as 100%, data
not shown), serum-free RPMI 1640 medium (negative control group), exposure to HyO5 for 24 h (OSI group), exposure to H,O for 24 h after pre-treatment with 5 pM
nimodipine for 24 h (nimodipine group), exposure to H,O, for 24 h after pre-treatment with 45 pg BMMSC-derived exosomes (exosomes group), and exposure to

H,0, for 24 h after pre-treatment with BMMSC supernate for 24 h (supernate group). Compared with OSI modeling group, ***P < 0.001, **P < 0.01, *P < 0.05, ns >
0.05. ROS expression of un/low/highly/NGF-differentiated PC12 cells after implementation of intervening with nimodipine, exosomes and BMMSC supernate in 2D
(G-J) and 3D (K-N) culture systems. a: blank control group; b: negative control group; c: OSI group; d: nimodipine group; e: exosomes group; f: supernate group

(scale bar is 100 pm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

intervention. Thereinto, BMMSC-derived  exosomes (mem-
brane-enclosed vesicles) are capable of regulating recipient cell function
through delivering proteins, lipids, RNAs, and other molecular constit-
uents [43]. Importantly, this cargo plays a vital role in stem cell therapy
due to their stability in circulation and low immunogenicity [17].

3.5.1. Characterization and quantification of BMMSC-derived exosomes

BMMSC-derived exosomes isolated from BMMSC supernate had a
typical bilayer structure with a diameter ranging from 40 to 100 nm, as
shown in Fig. 4E. Furthermore, the present of tumor susceptibility gene
101 (TSG 101), a protein marker of exosomes, was confirmed by
Western blot analysis (Fig. S6A). Then, to quantify the amount of the
acquired exosomes, the corresponding standard curve was established
(Fig. S6B) by means of commercial immunoassays, that is, Absorbance
(A) = 0.126 + 2.08 Cpsp (mg/mL), R? = 0.995. Overall, TEM, Western
blot and bicinchoninic acid (BCA) protein assay results confirmed that
exosomes were successfully extracted from the BMMSC supernate for
further application.

3.5.2. Cell viability and drug evaluation biosensing assay

The cell viability and drug evaluation results from electrochemical
biosensing assay were displayed in Fig. 4F. PC12 cells cultured with
serum-containing RPMI 1640 medium were set as blank control groups
(100% viability). The evident decline in negative control groups indi-
cated serum-free culture impacted neurosecretory capacity seriously.
Remarkably, OSI groups demonstrated PC12 cells suffered severe cyto-
toxicity of HpO,. Intervention with nimodipine (5 pM) in 2D and 3D
conditions showed discrepancy in biological activity, which was caused
by the combined effects of intrinsic drug susceptibility and extracellular
matrix. Of note, BMMSC-derived exosomes obviously improved the
neurosecretory function across all four PC12 cell lines, since the pro-
tective effects of the packaged proteins, RNAs and lipids [43]. Compared
with supernatant and drug intervention groups, BMMSC-derived exo-
somes exhibited superior cytoprotection (Fig. 4F), anti-oxidation effect
(Fig. 4G-N), endogenous esterase activity (Fig. S7) and membrane
integrity (Fig. S8) both in 2D and 3D conditions, furnishing a promising
treatment for OSI. Collectively, the therapeutic and neuroprotective
roles of BMMSC-derived exosomes were evident, due to their ability to
cross cell membrane barrier and its packaged information on biological
function, representing a great potential in mediating neurodegeneration
and cytoprotection.

4. Conclusion

In summary, the 3D agarose hydrogel-encapsulated culture mode
could greatly mitigate the divergence between the neurosecretion ac-
tivity and mitochondrial enzyme activity, underscoring the excellent
cell functional stability of 3D cultures. The developed electrochemical
biosensing assay facilitated rapid, sensitive and in situ determination of
cell viability within complicated 3D milieu, showing basically alignment
with the mitochondrial function assessments whereas not exactly the
same. Significantly, we have examined the discrepancy in neurosecre-
tory capacity and drug susceptibility under 2D and 3D culture systems
via electrochemical biosensing technique, accompanied by CCK-8. The
3D cell culture was shown to recover natural cell shape, enhance

neurotransmitter secretion, and improve stimuli sensitivity to a degree.
And the prepared biosensing assay highlighted the remarkable repara-
tive effects of BMMSC-derived exosomes, showing a great potential in
neuroprotective treatment. Collectively, the electrochemical biosensing
assay can be extended to monitor a variety of cellular processes in
intricate 3D surrounding, such as cell differentiation, intervention,
senescence and apoptosis.
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