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Abstract—The physiological origin of the aperiodic signal 
present in the electrophysiological recordings, called 1/f neural 
noise, is unknown; nevertheless, it has been associated with 
health and disease. The power spectrum slope, - in 1/f, has 
been postulated to be related to the dynamic balance between 
excitation (E) and inhibition (I). Our study found that human 
cerebral organoids grown from induced pluripotent stem cells 
(iPSCs) from Schizophrenia patients (SCZ) showed structural 
changes associated with altered elasticity compared to that of the 
normal cerebral organoids. Furthermore, mitochondrial drugs 
modulated the elasticity in SCZ that was found related to the 
changes in the spectral exponent. Therefore, we developed an 
electro-mechanical model that related the microtubular-actin 
tensegrity structure to the elasticity and the 1/f noise. Model-
based analysis showed that a decrease in the number and length 
of the constitutive elements in the tensegrity structure decreased 
its elasticity and made the spectral exponent more negative while 
thermal white noise will make . Based on the microtubular-
actin model and the cross-talk in structural (elasticity) and 
functional (electrophysiology) response, aberrant mitochondrial 
dynamics in SCZ are postulated to be related to the deficits in 
mitochondrial-cytoskeletal interactions for long-range transport 
of mitochondria to support synaptic activity for E/I balance. 

Clinical Relevance—Our experimental data and modeling 
present a structure-function relationship between mechanical 
elasticity and electrophysiology of human cerebral organoids 
that differentiated SCZ patients from normal controls.  

I. INTRODUCTION 

Brain organoids are self-assembled 3D structures in vitro 
that can model neurodevelopment of the human brain [1], 
including its structure and function in health and disease [2]. 
Diffusion magnetic resonance imaging of human brain has 
shown that the cerebral fiber pathways form a rectilinear 3D 
grid with the correlated adaptation of structure and function 
[3]. The rectilinear 3D grid can be modeled as tensegrity 
structures that can sense and respond [4]. These cellular 
tensegrity structures are composed of an interconnected 
network of actin microfilaments and microtubules that hold the 
cell surface under stress in a tensegrity model [5]. Here, it can 
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be postulated that the cell surface provides the spatiotemporal 
input (dendritic spine) and readout (synaptic bouton) that can 
be dynamically organized by the tensegrity structure with 
memristor like elements [6], which can provide computational 
complexity to a single neuron [7]. Then, the synaptic cargo 
transport along the cytoskeletal highway are dynamically 
arranged by the cytoskeleton activity [8] for excitatory (E) and 
inhibitory (I) synaptic activity [9] (and E/I balance) that is 
powered by mitochondrial bioenergetics [10]. Here, 
mitochondrial network is postulated to represent a complex, 
self-organized system at the edge of instability [11]. Then, 
adenosine triphosphate (ATP) levels determine temporal 
fluctuations of large intracellular particles and the mechanical 
work by the cytoskeleton [8] that support the synaptic activity 
and its reorganization by microtubules [9] nucleated from the 
microtubule-organizing centers – centrosome, etc. So, a 
cellular structure-function relationship can be postulated 
where the cytoskeletal structure determines cell’s dynamic 
modulus as well as electrophysiology. Published mathematical 
formulation [5] have shown frequency-dependent component 
of the cell’s dynamic modulus. The observed power-law 
frequency-dependence of the moduli was explained by soft 
glassy rheology (SGR) that can be modeled by an effective 
(noise) temperature and characterized by structural disorder 
and metastability [12]. The tensegrity model can be combined 
with SGR, where the prestress in the tensegrity structure 
reduces the effective temperature of the cytoskeleton and 
modulates the power-law material behavior [13]. Here, the 
effective noise temperature for the viscoelastic response of the 
network is ATP-related [14]. So, the cytoskeleton is a 
nonequilibrium composite material [14] with self-organized 
criticality and dynamic instability from microtubule growth, 
i.e., distribution of the nucleated site lengths obey an algebraic 
power-law relationship  [15]. Here, site nucleated 
microtubules follow a distribution with frequency-dependent 
elastic modulus [13] that determine the stiffness matrix of the 
cellular tensegrity structure interfacing with the cytosol with 
complex interfacial properties that will require detailed 
computational modeling [16] for elucidation.  
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In this study, we investigated the power-law behavior of 
electrically polar intracellular materials, including 
microtubules [17] and organelles [18], that can be related to 
the quasi-periodic external electric potential both in space and 
time [19]. Prior work [20] showed spontaneous changes in the 
oscillatory behavior of patched microtubule bundles, where 
39 Hz was the fundamental frequency. Then, the electric field 
in mitochondria with transmembrane potential of ~150mV 
across ~5nm membrane thickness can be 3e+7 V/m where 
mitochondria and microtubules form a unique cooperating 
electrodynamic system in the cell [21]. Considering a 
percolation matrix for the organized mitochondria [11] at a 
population level with spatial degrees of freedom, a self-
organized critical (SOC) dynamics can give rise to 1/f decay 
relationship [22] with discrete, impulsive events spanning a 
broad range of sizes (i.e., crackling noise). This crackling noise 
will be reflected in the structure (vibration) and function 
(electrophysiology) that is likely to be independent of 
microscopic and macroscopic details [23]. Therefore, simple 
models can be used for the hyperuniversality (power-law 
exponents are independent of the scale [22]) that can provide 
systems-level insight in to health and disease. So, the current 
study aimed to investigate the electro-mechanical connection 
in human cerebral organoids from normal subjects and 
schizophrenia patients using electrophysiology and atomic 
force microscopy. In our prior work [10], we showed a 
relationship between the synaptic E–I ratio based on the 
spectral exponent (- in 1/f) of local field potentials and the 
activity of mitochondrial Cytochrome-C Oxidase. Here, we 
postulate that the difference in the power spectrum slope 
between normal and schizophrenia organoids, shown related 
to bioenergetics [10], can also be related to the difference in 
the elastic modulus – an electro-mechanical connection.  

II. METHODS 

A. Cerebral organoids for phase zero study 

Two commercial healthy (normal) control cell lines 
(23,476*C: Female and 3651: Female) and the two 
commercial schizophrenic cell lines (1835: Female and 1792: 
Male) were chosen that displayed maldevelopment of the 
cortical structures in cerebral organoids in our prior work on 
neurodevelopment in schizophrenia [2, p. 1],[2]. 
Neurosperes/neuroepithelium (with visible bright marginal 
zones) were embedded in Matrigel droplets and transferred to 
6 cm plates in cerebral organoid media without vitamin A for 
4 days, followed by transfer to an orbital shaker and in cerebral 
organoid media with vitamin A. After 10 days in the shaker 
(14 days after Matrigel embedding), the cerebral organoids 
were treated with (a) vehicle (control), (b) Idebenone (IDB), 
(c) Lipoic acid + Acetyl L-carnitine (LC+LA), and (d) Choline 
(CHO). Media was changed every 2 days, and then the cerebral 
organoids at various timepoints of maturity were embedded to 
the center of 3.5 cm plate using Matrigel, and the experimental 
multi-modal recordings were performed [10].  

B. 32-channel electrophysiology 

The left panel of Figure 1 shows an adjustable tetrode 
depth array for 32-channel electrophysiology from Matrigel 
embedded brain organoid [10]. A 32-channel Intan RHD2132 
amplifier (Intan Technologies, USA) and OpenEphys data 
acquisition system were used for electrophysiology. Intan 
RHD2132 amplifier (Intan Technologies, USA) supported 

sampling 32 amplifier channels at 30 kSamples/s each and 
provided a fully integrated electrophysiology amplifier array 
with an on-chip 16-bit analog-to-digital converter (ADC). 
Open Ephys acquisition board read 8 Intan amplifiers, i.e., in 
8 multi-well bioreactor chips, using low-voltage differential 
signaling connected to the computer's USB port. We used the 
OpenEphys GUI and the LFP viewer and Spike Detector 
plugins to record in the fault-tolerant OpenEphys data format 
in blocks of 1024 samples, each of which included a timestamp 
and a readily identifiable 'record marker' [10]. 

 

C. Atomic force microscopy (AFM) 

The right panel of Figure 1 shows our concept for measuring 
electro-mechanical responses of the cerebral organoids. The 
organoids were adhered to 18mm glass coverslips by 
dispensing single suspended organoids on a 2-5 µl droplet of 
Matrigel and incubating them to dry at 37°C for 15 minutes 
and hydrating the adherent organoids with serum-containing 
growth medium. Force-Distance (F/D) curves were obtained 
by indenting the outer membrane of the organoids in contact 
mode to assess organoid elastic modulus using a Park Systems 
NX-12 AFM. F/D curves were analyzed using XEI software 
(Park Systems) to quantify the elastic modulus of the 
organoids. The first 400-600 nm of tip deflection were fitted 
with the Hertz model for a cone. Finally, these force curves 
were analyzed and converted to Young's moduli. 

D. Computational model 

Mitochondria are the source of internal heat and 
biophotons, i.e., thermal noise, that can lead to fluctuations of 
microtubules between coherent and incoherent states [24]. 
Then, elasto-electrical vibrations and dynamics of 
microtubules can generate oscillatory electric field [25] where 
multi-mode vibration can also generate an electric field in the 
form of an electric pulse [19]. To simplify this complex 
nonlinear dynamical system, we specifically focused on a 
lumped model that can explain 1/f ‘noise’. Modal analysis of 
the cytoskeletal structure for small deformation, performed 

  
Figure 1. Left Panel: Electrophysiology in conjunction 
with Vis/NIR spectroscopy from prior work [19]. Right 
Panel: Cytoskeletal electro-mechanical behavior from 
electrophysiology and atomic force microscopy. 
Disruption of microtubules bearing compressive forces 
leads to substrate traction from tensed actin and 
microfilaments [8] and cross-talk, i.e., changes the electro-
mechanical behavior. Created with BioRender.com 
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with tapping mode AFM, can provide insights into its 
response spectrum. Here, the dynamic modulus, 𝐸், is 
frequency dependent [5], that can be decomposed into elastic 
and dissipative components, 𝐸் = 𝐸ா + 𝑖𝐸஽  (𝑖 is the imagery 
unit). The ratio, 

ாವ

ாಶ
, depends on the rheological properties that 

determine relative dissipation of the energy, modeled by  the 
quality factor, Q, of a harmonic oscillator with resonant 
frequency, 𝜔଴ [19] that may capture health versus disease 
state, e.g., dissipation or loss of energy [8] is postulated to be 
low in health. Here, a combination of N ‘not overdamped’ 
oscillators in the frequency domain is given by [19], 𝐻ே =

ଵ

ே
∑

௜
ഘ

ೂೖ

ఠబೖା௜
ഘ

ೂೖ
ି

ഘమ

ഘబೖ

ே
௞ୀଵ . The energy [8] due to quadratic mean 

thermal vibration at the nth resonant frequency is given by, 
2𝑘஻𝑇∗ ஻೙

ఠబ೙ொ೙
|𝐻ே(𝜔଴௡)|ଶ, where 𝐵௡ =

ఠబ೙

ସொ೙
 is the effective 

noise bandwidth of the nth resonance, 𝑘஻ is the Boltzmann 
constant, and 𝑇∗ is the temperature [19]. Here, axial Young 
modulus of the microtubule is around 0.1 kPa, temperature 
300K [19]. Then, tensegrity model stiffness (stiffness=

ாೌ஺

௅
, 

axial Young’s modulus, 𝐸௔, cross-sectional area, A ,and 
length, L) and local properties of the constitutive components 
have constant relationships [26]; captured by a unique non-

dimensional parameter, 𝑅 =
்బ.ఱ

ேమ.ళ(௅)మ, to estimate the 

normalized elasticity modulus where T is normalized 
prestress, N is normalized number, and L is normalized length 
of the constitutive elements. This parameter, R, remains valid 
as the tensegrity model scales from cytoskeleton to cell-
extracellular matrix (ECM) structure, i.e., universality. Here, 
increasing the number and increasing the length of the 
microtubules both softens to a similar extent whereas the 
structure becomes stiffer when the internal tension (actin) is 
increased. Then, self-organized criticality (SOC) [15] can 
generate 1/f ‘noise’ in the electrophysiology signal due to the 
formation of trapping sites at the nucleating microtubules [19] 
for the propagating electric pulses on the microtubule network.  
The probability of ‘m’ such electric pulses in time interval, ‘t,’ 

can be given by 𝑝(𝑚, 𝑡) =
(ణ௧)೘

௠!
𝑒ିణ௧ where 𝜗 is the mean rate 

of transition from microtubule to microtubule per second. If 
we consider discrete states, 1 and 0, for transition and trapping 
of the electric pulse then the time in those states are 
exponentially distributed and the switching between the states 
is a Poisson process. Here, reduced L and N can reduce the 
lifetime of the trapping events [22]. Then, dissipation of the 
pulse energy can lead to its exponential decay [19]. So, this 
multi-scale directional propagation dynamics of -correlated 
(due to dissipation) uniform random noise on dynamic 
tensegrity lattices with dissipative SOC gives rise to 1/f 
‘noise’ [22]. Here, there are two components, the energy 
injection in order to activate all the lattice [22] whereas pulse 
propagation can become quickly inactive with energy (ATP) 
depletion, e.g. in the diseased state [27]. This can be 
considered anomalous or non-ergodic diffusion process [8]. 

III. RESULTS 

Figure 2A shows the elastic modulus from AFM analysis 
on the surface of the cerebral organoids from normal (Control) 
and Schizophrenia treated with mitochondrial drugs; vehicle 
treatment (-), Idebenone (IDB), Lipoic acid + Acetyl L-

carnitine (LC+LA), and Choline (CHO). The elastic modulus 
of Schizophrenia cerebral organoids is dramatically increased 
compared to control cerebral organoids (Fig. 2A; columns 1 
and 2). The increased elastic modulus (reduced elasticity) of 
the schizophrenia organoids was reversed by combined 
mitochondrial drugs acetyl L-Carnitine plus Lipoic Acid (Fig. 
2A; column 5) but not by a single treatment with Choline (Fig. 
2A; column 3) or Idebenone (Fig. 2A; column 4). Figure 2B 
shows the mean slope of the power spectrum, also called the 
spectral exponent, across all tetrode channels of the 
electrophysiological recordings from 34 days old organoid 
surface of Schizophrenia patients treated with vehicle (-), IDB, 
LC+LA, and CHO. We observed that higher elastic modulus 
led to a more negative spectral exponent. Specifically, while 
IDB increased the elastic modulus and made the spectral 
exponent more negative than that with the vehicle treatment, 
both CHO and LC+LA decreased the elastic modulus, which 
corresponded with less negative spectral exponent than that 
with vehicle treatment. We developed a six-strut tensegrity 
model [13], shown in Figure 3A, with a cell-mimetic (radius 
6.8 m) mass matrix (3C) and stiffness matrix (3D) that 
resulted in natural frequencies (3B) in MHz. Here, for a six-

strut tensegrity cell model [13], cell elasticity, 𝐸 ≈
்ೌబ∅ೌ

ଷ
≈

೘்
బ ∅೘

ଷ
, where 𝑇௔

଴ and 𝑇௠
଴  are prestress while ∅௔ and ∅௠ are 

relative density of the actin cables and microtubule struts 
respectively. For 𝑇௔

଴ = 1 × 10଺ 𝑃𝑎, 𝑇௠
଴ = 1 × 10ହ 𝑃𝑎, ∅௔ =

0.21%, ∅௠ = 0.19%, we find 𝐸௠௔௫ ≈
ଵ×ଵ଴ల×଴.ଶଵ

ଷ×ଵ଴଴
≈ 0.7 ×

10ଷ 𝑃𝑎 comparable ‘Control’ organoid value in Figure 2A. 

 

IV. DISCUSSION 

Cerebral organoids grown from induced pluripotent stem 
cells (iPSCs) from patients with Schizophrenia (SCZ) 
recapitulate cortical malformations [2] that were reflected in 
altered elastic modulus compared to that of control cerebral 
organoids as measured by AFM (Figure 2A). Then, drugs 
affected the SCZ organoid's structural (elastic modulus) and 
functional (spectral exponent) characteristics. Here, IDB is 
known for its distinct effects on the bioenergetics of cortical 
neurons [28] that increased elastic modulus and mean spectral 
exponent that underlies information processing capacity (i.e., 
E/I balance [10]). An increased elastic modulus can be related 
to a decrease in the number (N) and length (L) of the 

(A) (B)  
Figure 2. (A) Elastic modulus at the surface of the cerebral 
organoid. (B) Mean spectral exponent (- in 1/f) across 
all 32 electrodes at the surface of cerebral organoid. The 
stiffness and mean spectral exponent of schizophrenia 
cerebral organoid treated with or without drugs (Choline, 
Cho; Idebenone, IDB; acetyl L-Carnitine+ Lipoic Acid, 
LC+LA) was compared to control cerebral organoid. 
Graphs show mean + SEM. 
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constitutive elements of the tensegrity structure (𝑅 =
்బ.ఱ

ேమ.ళ(௅)మ) 

[17]. Here, reduced L and N, e.g., in aberrant microtubule 
nucleation [29], can reduce the lifetime of the trapping events 
[22], thereby making the spectral exponent more negative. The 
proposed electrical pulse propagation analysis can also be 
applied to synaptic vesicle precursors where reduced L acting 
as roadblocks can increase the time required for transport that 
can be a single rate-constant model [30]. Therefore, 
microtubule dynamics is implicated in neuronal excitability 
[29], so we propose that 1/f neural noise, related to E/I 
balance, is determined by microtubule dynamics and 
cytoskeletal components that determine the elastic modulus.  

 

Furthermore, an adaptation of the microtubule dynamics 
and the cytoskeletal components can underlie a physical neural 
network [31] at a single neuron level that needs further 
investigation. This physical neural network extends from a 
single neuron to a multi-neuronal network in the brain. Here, 
disruption of cortical layers and connectivity of cortical 
neurons in SCZ [2], related to dysfunctional cell migration 
during neurodevelopment, can also be due to dysfunctional 
microtubules [32]. Since dendritic branches can be considered 
as a set of spatiotemporal pattern detectors [8], shaping the 
multi-neuronal network by cytoskeleton will be crucial during 
neurodevelopment for normal information processing 

capacity. Electromagnetic energy injection can activate all the 
lattice system, where microtubular response has been shown 
affected also by the magnitude and polarity of the stimulus 
[20]. For example, spontaneous microtubule growth may be 
responsive to electromagnetic pumping [33] that needs 
investigation in ‘phase zero’ and in vivo neurodevelopmental 
studies [27]. Also, 39 Hz stimulation at the fundamental 
frequency of the patched microtubule bundles needs 
investigation vis-à-vis its role in synchronous rhythmic firing 
of neurons to reduce amyloid plaques [34]. Then, microtubule 
nucleation [29] during photobiomodulation needs 
investigation to model a decrease in the spectral exponent with 
an increase in mitochondrial Cytochrome-C Oxidase found in 
our prior work [35]. Then, interruption of microtubule 
polymerization by electric field 1–2 V/m in the 100–300 kHz 
frequency range [21], e.g., for cancer treatment, may be 
feasible with non-invasive deep brain stimulation [36]. Here, 
resonant frequencies of the subcellular tensegrity structure is 
postulated to be crucial, e.g., mechanical and electromagnetic 
oscillations responsive to microtubule nano-oscillators [21] 
may overlap [19]. Also, the cytoskeletal structure is likely 
adapted with its in vivo environment for controlled physical 
transformations during learning [31], e.g., postulated ultrafast 
physical reservoir computing [7]. Therefore, investigation of 
the cytoskeletal-ECM structural dynamics during information 
processing, and its plasticity and bioenergetics (e.g., in ATP 
depletion [27]) is crucial in health and disease. 
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