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CORTICAL NEUROGENESIS 

A B S T R A C T : Cerebra l organoids are a prol i f ic research topic and an emerging m o d e l system for neurological diseases i n h u m a n 
neurobiology. H o w e v e r , the batch-to-batch reproducibi l i ty of current cult ivat ion protocols is challenging and thus requires a h igh-
throughput methodology to comprehensively characterize cerebral organoid cytoarchitecture and neural development. W e report a 
mass spectrometry-based p r o t o c o l to quantify neural tissue cel l markers, cell surface l ipids , and housekeeping proteins i n a single 
organoid. Prof i l ed traits probe the development of neural stem cells, radial glial cells, neurons, and astrocytes. W e assessed the cell 
p o p u l a t i o n heterogeneity i n indiv idua l ly prof i led organoids i n the early and late neurogenesis stages. H e r e , we present a uni fy ing 
v iew of cell-type specificity of prof i led prote in and l i p i d traits i n neural tissue. O u r w o r k f l o w characterizes the cytoarchitecture, 
differentiation stage, and batch cult ivat ion variat ion o n an i n d i v i d u a l cerebral organoid level . 

C erebra l o r g a n o i d s ( C O s ) genera ted f r o m i n d u c e d 
pluripotent stem cells ( i P S C s ) are an emerging i n vi tro 

m o d e l system i n neurobio logy. 1 C O s recapitulate h u m a n brain 
cy toarch i tec ture a n d ce l l d i v e r s i t y d u r i n g neurogenesis , 
m i m i c k i n g bra in development i n three d imens ions . 2 C O s are 
increasingly used to m o d e l diseases-in-the-dish w i t h recent vira l 
applications toward Z i k a virus or S A R S - C O V - 2 . 4 H o w e v e r , 
current cult ivat ion protocols are notorious for substantial intra-
and interbatch variat ion i n differentiation, morphology , and cell 
c o m p o s i t i o n . 5 

C O - b a s e d disease models expanded our abil i ty to study 
neurodevelopment and degeneration via cell lineage-specific 
prote in and l i p i d markers (Table S I and Figure S i ) . A t the early 
cortical neurogenesis stage, neural stem cells ( N S C s ) differ­
entiate into radial glial cells ( R G C s ) , g iving rise to neurons, 
astrocytes, and ol igodendrocytes . 5 R G C s divide asymmetrical ly 
to generate neurons direct ly or indirect ly through intermediate 
progenitor cells ( I P C s ) , later differentiating symmetr ical ly into 
immature neurons . 5 N S C s express the early neurogenesis 
marker, a transcript ion factor S O X 2 . S O X 2 is downregulated 
i n post -mitot ic neurons. G l i a l hal lmarks (fatty ac id-b inding 
protein , F A B P 7 ) begin to emerge dur ing later differentiation 

s imultaneously w i t h p r i m a r y astrocyte m a r k e r s — c a l c i u m - b i n d ­
i n g p r o t e i n B (S100B) , glial fibrillary acidic prote in ( G F A P ) , and 
C D 4 4 ant igen. 6 Astrocytes express S100B dur ing the prolifer­
ative and migrat ion phase. ' A microtubule-associated prote in 2 
( M A P 2 ) i n neurons ' dendrites and reactive astrocytes stabilizes 
the microtubules against depolymer iza t ion . 8 T u b u l i n beta-3 
chain ( T U B B 3 ) , the p r i n c i p a l constituent of microtubules i n 
neuronal axons, and microtubule-associated prote in double-
cor t in ( D C X ) are characteristic of the immature neuronal 
popula t ion . D C X ceases w i t h neuronal matura t ion . 9 M a t u r e 
neurons express neurofilaments containing intermediate fila­
ment proteins ( l i g h t — N E F L , m e d i u m — N E F M ) and synapsin-
1 ( S Y N l ) . T h e c h o r o i d plexus's epithelial cells representing the 
non-neuronal cells express the transthyretin ( T T R ) . 9 - 1 1 

Received: March 1, 2022 
Accepted: January 16, 2023 
Published: February 1, 2023 

A / - C n . . U K . . 4 - 1 ^ ^ ^ e 2023 American Chemical Society https://doi.org/10.1021/acs.analchem.2c00981 

A L o rUDIIC3TIOnS 3i60 Ami»em.2023,95,3100-3157 

https://doi.org/10.1021/acs.analchem.2c00981


Analytical Chemistry pubs.acs.org/ac Article 

(T) Harvesting organoids (2) Mass spectrometry analysis (3) Data processing 

J J .3 j j . u j j j 

••••••••• l i l i i 
•••1 

Single step 
extraction 
(80% I PA) Lipid extract 

Cell culture 96-well plate 

Single organoid 
for LC-MS/MS 

analysis 

w 
Protein pellet I 

Proteolysis 1 
Multiplex targeted 

proteomics and lipidomics 

0 Lipid 0 protein 
0 Protein 

° Protein 
0 Protein 

Cell-specific protein and lipid 
markers 

Harvested individual organoids 
embedded in Geltrex 

C RS treatment 

Geltrex-free 
organoid 

0.005-

c 0.004-
o 

2 0.003-

o 0.002-
o 
O 

0.001-

0.000-

Outlier removal 

Figure 1. Single cerebral organoid mass spectrometry-based protein and lipid profiling. The workflow overview. Cerebral organoids were harvested 
after 48, 76, 95, 110, 135, and 160 days of differentiation, treated with the cell recovery solution to remove the cell culture matrix, and lipids were 
extracted using 80% IPA, and the protein pellet was subjected to the bottom-up S R M protein assays. Single-organoid protein and lipid profiling was the 
basis for cell-specific population characterization and the outlier removal to mitigate the intra- and interbatch variability. 

L i k e proteins, l ipids constitute the p r i m a r y structural aspect of 
n e u r o n a l m e m b r a n e s . M a j o r c e r e b r a l l i p i d s cons is t o f 
phosphol ipids , glycol ipids, cholesterol, and triglycerides. H o w ­
ever, our w o r k focused o n membrane glycosphingol ipids , 
part icularly gangliosides, i n examining p r i m a r y neural develop­
ment and maturat ion traits as they parallel p r o t e i n cell-specific 
markers. Gangliosides are ubiquitous i n vertebrate tissues and 
highly abundant i n neural cells, essential for cellular signal 
transduction, adhesion, prol i ferat ion and differentiation, i m ­
m u n e response, and a p o p t o s i s . 1 2 N e u r o n a l membranes and 
m y e l i n sheaths contain 10—12% of gangliosides arranged in 
microdomains , referred to as l i p i d raf ts . 1 3 T h e perturbed 
c o m p o s i t i o n of neuronal gangliosides i n the membrane triggers 
neurodegenera t ion . 1 4 T h e gangliosides' d is t r ibut ion is associ­
ated w i t h specific cell types and characterizes the cortical 
neurogenesis stage and cytoarchitecture i n C O s . 

Cell-specif ic prote in markers are frequently prof i led i n C O s 
u s i n g ant ibody-based i m m u n o a f f i n i t y assays, i.e., E L I S A , 
W e s t e r n Blot , or immunof luorescence s t a i n i n g . 1 5 H o w e v e r , 
the quantitative performance, robustness, mult ip lex ing capacity, 
a n d t h r o u g h p u t o f i m m u n o a f f i n i t y assays are l i m i t e d . 1 6 

Similarly, the thin-layer chromatography ( T L C ) immunosta in -
ing, l i q u i d or gas chromatography ( L C / G C ) m e t h o d o l o g y to 
probe l i p i d c o m p o s i t i o n often lacks sensitivity and se lect iv i ty . 1 7 

F e w studies ut i l ized organoid sections for i m m u n o s t a i n i n g but 
struggled w i t h the lack of diversity i n in format ion regarding the 
l i p i d subclasses . 1 8 ' 1 9 Organoids were often p o o l e d before T L C 
analysis, h i d i n g the level of heterogenei ty . 2 0 O n the contrary, 
mass spectrometry ( M S ) p r o t e o m i c s 2 1 and l i p i d p r o f i l i n g 2 2 v ia 
se lec ted r e a c t i o n m o n i t o r i n g ( S R M ) assays are h i g h l y 
reproducible and quantitative. 

W e present a w o r k f l o w to s imultaneously profi le cell-specific 
prote in markers and glycosphingol ipids i n a single cerebral 

organoid to characterize cytoarchitecture and to identify outliers 
and the batch-to-batch var ia t ion 5 (F igure l ) . W e used the 
b o t t o m - u p S R M prote in assays, selecting surrogate proteotypic 
peptides to generate an S R M library. A s the consensus on 
proteotypic peptide selection is missing, we report o n the design 
of S R M prote in assays (Figure S2). 

• EXPERIMENTAL SECTION 

Lipid Extraction for Mass Spectrometry Assays. C O s 
harvested for S R M analysis were immediate ly washed w i t h P B S , 
treated (4 ° C ; 1 h) w i t h cell recovery so lut ion ( C R S , C o r n i n g , 
N e w Y o r k ) , and washed again. C O s were freeze-dried (y 1—16 
L S C p l u s , M a r t i n Chr i s t G m B H , G e r m a n y ) and stored at —80 
° C u n t i l further processing. F o r l i p i d and prote in analysis, a 
single C O was used; b iological replicates (n = 4) per t ime point 
were analyzed i n duplicates. Freeze-dried C O was homogenized 
b y adding 100 ßL of water i n a P r o t e i n L o B i n d (Eppendorf , 
G e r m a n y ) microtube w i t h a glass bead (Benchmark Scientific, 
E d i s o n , N e w Jersey), sonicated, and vortexed. T h e homogenate 
was centrifuged briefly, and 10 ßL of the supernatant was used to 
determine the total p r o t e i n content b y the B C A assay. T h e 
remaining homogenate was dr ied (Savant S D P 121 P, SpeedVac, 
T h e r m o Fisher Scientif ic) . F o r l i p i d extraction, we added 100 ßL 
of 80% I P A to the dry homogenate, vortexed ( l m i n ) , sonicated 
(37 H z , 5 m i n ) , and m i x e d (10 m i n , 2000 r p m ) . T h e sample was 
centrifuged (12.3 R C F for 5 m i n ) , and 85 ßL of the l i p i d extract 
was r e m o v e d f r o m the residual prote in pellet. L i p i d extracts were 
stored at —20 ° C u n t i l analysis. Af ter l i p i d extraction, prote in 
pellets were dr ied (SpeedVac, 37 ° C ) and processed for S R M 
prote in assays (Figure l ) . 

Mass Spectrometry Ganglioside Assays and Data 
Processing. L i p i d extracts were t w o f o l d di luted b y adding 0.3 

of isotopical ly labeled G M 1 and G M 3 i n 10% isopropanol 
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( I P A ) . Sample v o l u m e (2 (iL) was injected i n a U H P L C system 
(1290 Infinity II; Agi lent Technologies , Cal i fornia) equipped 
w i t h C 1 8 p r e c o l u m n and analytical c o l u m n ( C S H T M , 5 X 2.1 
m m 2 X 1.7 fim and 50 X 2.1 m m 2 X 1.7 fim f r o m Waters C o r p ) 
thermostated at 40 ° C . U H P L C system was coupled to a triple 
q u a d r u p o l e mass spec t rometer ( A g i l e n t 6 4 9 5 B , A g i l e n t 
Technologies ) . 

T h e mobi le phase for the posit ive i o n m o d e analysis consisted 
of buffer A (0.5 m M a m m o n i u m fluoride i n the water) and B 
(methanol : I P A (50:50 v / v ) ) . T h e gradient e lut ion (17.1 m i n ) 
at a flow rate of 0.3 m L / m i n was 30% B for 2 m i n , 70% B f r o m 2 
to 9 m i n , 95% B mainta ined f r o m 9 to 13.3 m i n , 5% B at 13.3 
m i n , and 5% B at 14.3 m i n w i t h re-equil ibrat ion f r o m 14.5 to 
17.1 m i n at 30% B . T h e electrospray source capil lary voltage was 
3500 V , and the i o n source parameters for posit ive i o n m o d e 
were: gas flow rate 16 L / m i n at 190 ° C , sheath gas pressure 20 
PSI at 350 °C, and nozzle voltage 1300 V . 

T h e mobi le phase for the negative i o n m o d e analysis consisted 
of buffer A (0.5 m M a m m o n i u m fluoride and 10 m M 
a m m o n i u m acetate i n water) and B (acetonitri le: I P A (50:50 
v / v ) ) . T h e gradient e lut ion (19.1 m i n ) at a flow rate of 0.3 m L / 
m i n was 10% B for 4 m i n , 85% B f r o m 4 to 6.2 m i n , 95% B 
mainta ined f r o m 6.2 t i l l 10.2 m i n , and changed to 10% B at 
10 .4 -14 .4 m i n , 95% B f r o m 14.4 to 16.2 m i n , mainta ined t i l l 
16.4 m i n w i t h re-equi l ibrat ion f r o m 16.4 to 19.1 m i n at 10% B. 
T h e E S I source capillary voltage was 3000 V , and the i o n source 
parameters for negative i o n m o d e were: gas flow rate 14 L / m i n 
at 190 ° C , sheath gas pressure 25 P S I at 400 ° C , and nozzle 
voltage 1500 V . 

C o m m e r c i a l 1 3 C isotopical ly labeled standards for ganglio-
sides are not commerc ia l ly available. Protocols for 1 3 C 1 8 labeled 
G M 1 and G M 3 gangliosides in-house synthesis are i n the 
support ing in format ion and respective mass spectra i n Figure S3. 
W e used the labeled G M 3 internal standard to determine the 
concentrat ion of all gangliosides, except for G M 1 , determined 
us ing the c o r r e s p o n d i n g labe led G M 1 internal standard. 
Respective response factors ( R F ) to the labeled G M 3 were 
calculated for all gangliosides. W e processed raw data i n Skyline 
(Vers ion 20.1.0.76, M a c C o s s Lab. , U W ) . A l l concentrations are 
the average of technical duplicates relative to the A C T B level. 
T h e S R M l ibrary is s h o w n i n T a b l e S2. Chromatograms for all 
ganglioside species and internal standards are s h o w n i n Figure 
S4a. 

Protein Extraction and Enzymatic Proteolysis. Af ter 
l i p i d extraction, the dr ied prote in pellet w i t h a glass bead was 
p o w d e r e d (4 m / s , 10 s, two cycles w i t h 10 s inter-time, 
B e a d B l a s t e r T M 24, B e n c h m a r k ) , so lubi l ized i n the a m m o n i u m 
bicarbonate ( A m B i c ) buffer (50 m M ) w i t h s o d i u m deoxy-
cholate (5 m g / m L ) , 2 3 vortexed (10 s, 2000 r p m , V E L P 
Scientifica), m i x e d (10 m i n , 2035 r p m , H e i d o l p h T M M u l t i -
Reax), and sonicated ( l m i n , 80 k H z , E l m a s o n i c P, E l m a 
Schmidbauer G m b H ) . T h e total prote in concentrat ion was 
adjusted toO.Sfig/fiLby adding the A m B i c buffer. Samples were 
centrifuged ( l m i n , 12300 R C F , M i c r o - S t a r 12, V W R , Radnor , 
Pennsylvania) , and the vo lume of 60 flL (equivalent to 30 fig of 
total protein) was used to reduce (20 m M D T T i n 2.5 m M 
A m B i c ; 10 m i n ; 95 ° C ) and alkylate (40 m M I A A i n 2.5 m M 
A m B i c ; 30 m i n ; ambient, i n the dark) proteins. T h e remaining 
vo lume of indiv idual C O homogenates was p o o l e d into a quality 
contro l ( Q C ) sample. Identical to the analysis of i n d i v i d u a l C O s , 
we used 60 flL aliquots of the Q C sample (30 fig of prote in) . 
T r y p s i n was added i n the ratio of 1:60 (enzyme: total prote in 
content, w / w ) , and the Paraf i lm sealed samples were incubated 

(37 ° C ; 16 h ; gentle shaking) . T h e trypsin digestion efficacy was 
tested i n Q C samples after 2, 4, and 16 h (Figure S5) . 

T h e isotopical ly labeled ( S I L ) synthetic peptides were added 
(sample cone. « 260 n m o l / L ) before quenching the digestion 
w i t h 200 flL of 2% formic acid ( F A ) . Samples were centrifuged 
(5 m i n , 12300 R C F ) , and the supernatant was loaded o n the 
mixed-mode cartridge (Oasis P R i M E H L B - 30 mg, Waters 
C o r p . M i l f o r d , Massachusetts) for solid-phase extraction ( S P E ) . 
Peptides were washed w i t h 2% F A and eluted w i t h 500 fcL o f 
50% acetonitrile ( A C N ) w i t h 2% F A , and the samples were dr ied 
i n SpeedVac. S I L standard peptides ( S T ) response i n the Q C 
sample before and after the S P E was compared to determine the 
S P E recovery for tryptic peptides: peak area of S T (before S P E ) / 
peak area of ST(after S P E ) X 100. T h e average S P E recovery 
was 87% for all 14 quantifier proteotypic peptides (Figure S6a 
and Table S3). 

Mass Spectrometry Protein Assays and Data Process­
ing. D r i e d S P E - p u r i f i e d peptides were reconstituted i n 15 flL o f 
5% A C N w i t h 0.1% F A . T h e Q C sample homogenates w i t h 40 
fig total prote in were reconstituted i n 60 ,40 , and 20 flL to l o a d 2, 
3, a n d 6 fig tota l p r o t e i n equivalent to U H P L C - S R M , 
respectively (Figure S6c,d) . Peptides were analyzed i n positive 
i o n detect ion m o d e using the same U H P L C - M S system as for 
ganglioside assays. A sample vo lume (3 flL, equivalent to 6 fig o f 
total protein) was injected into the C 1 8 analytical c o l u m n 
(Peptide C S H 1.7 fim, 2.1 X 100 m m 2 , Waters C o r p . , M i l f o r d , 
Massachusetts) . T h e mobi le phase flow rate was 0.3 m L / m i n ; 
b u f f e r A ( 0 . 1 % F A ) and buffer B (0.1% F A i n 95% A C N ) . L inear 
gradient e lut ion : ini t ia l 5% B ; 25 m i n 30% B ; 25.5 m i n 95% B ; 30 
m i n 95% B ; and f r o m 31 to 35 m i n w i t h 5% B. T h e E S I source 
temperature was 200 ° C , and the capillary voltage was 3500 V . 

S R M prote in assays were designed ut i l iz ing the n e X t P r o t 
database (onl ine , www.nextprot .org) to select proteotypic 
peptides (2—4 per prote in) , preferably w i t h experimental 
evidence i n the PeptideAtlas . S R M l ibrary (3—4 transitions 
per proteotypic peptide) was selected i n the S R M A t l a s ( w w w . 
srmatlas.org), (Figure S2) . T h e dwel l t ime (10 ms) and a cycle 
t ime (<1 s) a l lowed for up to 100 transitions i n every acquisit ion 
m e t h o d . W e tentatively identi f ied peptides i n Q C samples using 
a retention t ime pred ic t ion m o d e l and verif ied the identifications 
us ing isotopical ly labeled synthetic analogues. W e used a 
dynamic S R M ( d S R M ) m o d e w i t h a 2 m i n - w i d e w i n d o w 
centered at a peptide experimental retention t ime i n the Q C 
sample. W e relatively quantif ied target proteins preferably using 
>5 j - i o n s w i t h peak area >10 000 and reproducible response 
across technical duplicates (% coefficient of variat ion ( C V ) < 
15), as s h o w n i n Figure S2. T h e d S R M assay inc luded 251 
transitions to m o n i t o r 41 unique peptides of 18 proteins (Table 
54) . T h e lowest total p r o t e i n content i n analyzed C O s (n = 24) 
was 30 fig. 

D a t a were processed i n Skyl ine and manual ly inspected, 
Figure S4b. A single quantifier transit ion (Table S4) was used to 
determine relative concentrations (light peptide peak area/ST 
peptide peak area X S T peptide concentrat ion) . T h e prote in 
levels i n indiv idual samples are reported as an average o f 
technical duplicates normal ized to A C T B levels. 

Ganglioside and Protein Assays Validation. Deta i led 
i n f o r m a t i o n o n assay val idat ion is described i n the Support ing 
Informat ion : ganglioside assay val idat ion and prote in assay 
val idat ion. F o r gangliosides, 10-point matr ix-matched calibra­
t i o n curves were prepared and analyzed (Figure S7 and Table 
55) . Prec i s ion was <12.1% of % C V (Table S5b), ganglioside 
recovery was h i g h (>82.3%), and matrix effects were negligible 
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Figure 2. Analytical figures of merit of the mass spectrometry-based workflow, (a) Loss of targeted proteins to isopropanol (IPA) after l ipid extraction. 
The protein content in the residual pellet and the I P A extract was compared to the total protein amount in the homogenate not subjected to IPA 
extraction. The result is expressed as protein yield in %. Four target proteins were detected in the I P A extract, and the protein loss was <5%. (b) Geltrex 
removal using cell recovery solution (CRS) . Housekeeping protein levels were analyzed in 30 /ig of processed cerebral organoid total protein (n = 2). 
O n average, 2-fold higher levels were found in CRS-treated organoids relative to untreated. 
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Figure 3. Cerebral organoid differentiation and development characterized by immunoaffinity and q P C R assays, (a) Timeline of cerebral organoid 
differentiation, (b) Morphology of the cross section of mature organoids cultivated for 85 days visualized by indirect immunofluorescent staining— 
scale bars: top 200 /im, bottom 50 /im. (c) Immunoblotting and (d) q P C R assays show cell type-specific markers in organoids collected on days 50, 85, 
and 110 of differentiation, n = 5—7 (pooled) per time point. Cell-specific markers for neural stem cells (SOX2, P A X 6 ) , mature and immature neurons 
( N E U N , M A P 2 , and T U B B 3 , D C X , respectively), synaptic junctions ( S Y N l ) , neurofilaments light ( N E F L ) , first cortical layer neurons (CTIP2) , and 
astrocytes (S100B, G F A P ) were detected. A C T B served as the loading control for the immunoblotting assay, and q P C R data were normalized to 
G A P D H levels. 

(Table S6) . F o r proteins, 10-point cal ibration curves were 
prepared and analyzed (Figure S8 and T a b l e S7) w i t h R2 = >0.99 
linear response range 1 .02-81.25 n M for S O X 2 , 1 .02 -1300 for 
A C T B , G A P D H , and 1.02 or 5 . 0 8 - 3 2 5 n M for other proteins. 
T h e matrix effects were moderate, o n average 32% (Figure S6b 
and Table S3) , and signal reproducibi l i ty i n the sample matrix 
was <11 % C V (Table S3) . 

Data Analysis and Visualization. Cluster analysis for 
prote in and l i p i d markers was prepared i n M a t a b o A n a l y s t 5.0 
(online, h t tps : / /www.metaboana lys t . ca / (2021) ) . T h e graphs 
were p r e p a r e d u s i n g G r a p h P a d P r i s m v e r s i o n 8.0.2 for 

W i n d o w s , G r a p h P a d Software, C a l i f o r n i a (www.graphpad. 
c o m ) . Figures 1—4a, S I , S2, S4, S6, S10, and S l l were created 
w i t h B i o R e n d e r . c o m . 

• RESULTS AND DISCUSSION 

Characterization of Cell-Specific Markers via qPCR, 
Immunoblotting Assay, and Indirect Immunofluores­
cence. W e used a p r o t o c o l m o d i f i e d b y Lancaster et a l . 2 to 
differentiate C O s 2 (F igure 3a). A n average D 8 5 C O can range 
f r o m 3 to 5 m m i n diameter and consists of 2.5 m i l l i o n cells 
(Figure 3b) . T h e C O s ' m o r p h o l o g y o n D 8 5 was characterized 
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Figure 4. Single cerebral organoid characterization by mass spectrometry assays for cell-specific protein and lipid markers, (a) Intra-batch variability of 
target proteins and lipids in organoids from timeline experiment before and after the application of outlier removal, (b) Interbatch variability of 
neuronal population in organoids from two cultivation batches, (c) Single-organoid time trends in levels of specific traits (after outlier removal) for 
neurons ( N E F M , G M l ) , astrocytes (CD44, G D 2 ) , and non-neuronal cells ( T T R , G M 3 ) , n = 3 per time point. A significant increase in neuronal and 
astrocyte populations was visible (*p-value < 0.05, **p-value < 0.01). (d) Correlation plots for protein and lipid markers for neurons ( N E F M , G M l ) , 
astrocytes (CD44, G D 2 ) , and non-neuronal cells (TTR, G M 3 ) . 

b y indirect immunof luorescence . T h e cell-specific marker 
expression was assessed via W B (Figure 3c) and q P C R (Figure 
3d) , p o o l i n g 5—7 C O s per assay. Consis tent ly w i t h the previous 
r e p o r t s , 2 ' 2 4 we demonstrate the expression of markers for 
n e u r o e c t o d e r m a l cells ( S O X 2 , P A X 6 ) , neurons ( M A P 2 , 

T U B B 3 , D C X , and N E U N ) , deep-layer neurons ( C T I P 2 ) , 
synaptic junctions ( S Y N l ) , neurofilaments (light chain, N E F L ) , 
and astrocytes (S100B, G F A P ) . T h e prote in expression of S O X 2 
reached a m a x i m u m o n D 5 0 and later decl ined. N e u r o n a l (i.e., 
M A P 2 , D C X , and T U B B 3 ) markers and astrocytic G F A P were 
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at the m a x i m u m level o n D U O . Deta i led in format ion on 
c u l t i v a t i o n a n d analysis is d e s c r i b e d i n the S u p p o r t i n g 
Information. 

Extraction of Gangliosides and Proteins from Cerebral 
Organoids for Mass Spectrometry Assays. C O s were C R S -
treated to remove the Geltrex matrix before M S analysis (Figure 
l ) . I sopropanol ( I P A ) was added to h o m o g e n i z e d C O s to 
extract gangliosides and precipitate proteins. T h e prote in loss 
due to I P A extraction was <5% (Figure 2a). W e compared 
h o u s e k e e p i n g p r o t e i n ( H K P ) levels i n C R S - t r e a t e d and 
nontreated C O s to assess the efficiency of matrix removal . 
H K P levels (Figure 2b) and gangliosides' internal standards' 
signals (Figure S9) i n CRS- t rea ted samples were up to 2-fold 
higher than i n nontreated samples. T h e enriched cellular 
proteins and gangliosides i n CRS- t rea ted C O s i m p r o v e d assay 
sensitivity. 

Heterogeneity in Cerebral Organoids. W e prof i led cell 
populat ions us ing prote in and l i p i d markers i n i n d i v i d u a l C O s 
after 48, 76, 95, 110, 135, and 160 days of differentiation 
(Figures 4, S10, and S l l ) . C O s were analyzed indiv idual ly at 
each t ime point (n = 4) to remove one outl ier per t ime point (n = 
3) . Deta i led in format ion o n heterogeneity is described i n the 
Support ing Informat ion : Heterogenei ty i n i n d i v i d u a l cerebral 
organoids. T h e outlier removal reduced C V w i t h i n the batch 
f r o m 46 to 34 and 46 to 30% for prote in and l i p i d markers, 
respectively (Figure 4a) . Af ter outlier removal , we observed 
stronger correlations between markers, such as G D 2 vs C D 4 4 
(before r = 0.45, p = 0.0003 and after outlier removal r = 0.71, p < 
0.0001) and G M 3 vs T T R (before r = 0.32, p = 0.0042 and after 
outlier removal r = 0.61, p < 0 .0001); data not shown. 

In addit ion, we analyzed two batches of C O s (n = 5) derived 
f r o m the same cell l ine and harvested at ident ical t ime points to 
p e r f o r m an interbatch var iabi l i ty analysis. T h e interbatch 
variabi l i ty was reduced substantially after outl ier removal 
(Figure 4b) , w h i c h is not feasible i n p o o l e d samples. 

T h e prote in and l i p i d markers panel were characterized in 
i n d i v i d u a l C O s , and results are s h o w n after outlier removal (n = 
3 per t ime point ) (Figures 4c and S l l ) . 

Cell-Specific Protein Expression in Cerebral Organo­
ids. C e l l markers f o r N S C s , radial glial cells, neurons, astrocytes, 
and the ubiqui tous ly present housekeeping proteins were 
relatively quantif ied i n C O s . T h e total cell mass estimated 
using H K P (i.e., G A P D H and A C T B ) levels reached a m a x i m u m 
between D 7 6 and D 9 5 (Figure S12) . O n D 4 8 , S O X 2 was the 
most abundant marker i n C O s and later downregulated (Figure 
S l l ) . In parallel w i t h the S O X 2 decline, the expression of R G C s 
marker F A B P 7 increased u n t i l D 7 6 and later remained steady 
(Figure S l l ) . T T R expression attributed to the c h o r o i d plexus 
epithelial cells reached a m a x i m u m i n D 9 5 (Figure 4c ) . 
N e u r o n a l markers' expression increased f r o m D 7 6 u n t i l D U O , 
fo l lowed b y a steady state or decline, whi le astrocyte markers' 
expression increased u n t i l D 1 6 0 (Figures 4c and S l l ) . N e u r o n -
specific proteins D C X , T U B B 3 , M A P 2 , N E F L , and N E F M , 
emerged early ( D 4 8 ) , cu lminated o n D U O , and later decl ined, 
except for M A P 2 (Figure S l l ) . T h e mature neurons ' marker 
S Y N 1 emerged f r o m D 9 5 (Figure S l l ) . T h e astrocytic markers 
(S100B, G F A P , and C D 4 4 ) , negl igibly expressed o n D 4 8 , 
gradually increased u n t i l D 1 6 0 (Figures 4c and S l l ) . 

W e characterized some prote in markers using W B and q P C R 
assays to align w i t h the reported L C - M S - b a s e d w o r k f l o w (Figure 
3c,d) and previous studies demonstrat ing the development of 
n e u r o n and astrocyte populat ions to m i m i c the neurogenesis in 
v i v o . 1 0 ' 2 4 W B and M S assays identical ly show the highest N S C s ' 

popula t ion ( S O X 2 ) at an early stage ( 4 8 D ) of C O s ' prol i ferat ion 
(Figures 3c and S l l ) . T e m p o r a l trends of neuronal markers (i.e., 
D C X , T U B B 3 , M A P 2 ) and astrocytic markers (i.e., S100B, 
G F A P ) determined b y W B and q P C R m a i n l y agreed w i t h M S -
based assays, except for q P C R assessed S100B and G F A P 
showing an earlier onset (Figure S I 3 ) . 

H o w e v e r , only a l i m i t e d number of cell-specific markers can 
be determined i n p o o l e d C O s b y immune-based a s s a y s 2 5 - 2 7 

without assessing the variabil i ty i n i n d i v i d u a l C O s . O n the other 
hand, the S R M assay allows the characterization of mult iple 
analytes i n a single o r g a n o i d w i t h h i g h spec i f i c i ty and 
mult ip lex ing capabil i ty for prote in quantif ication. 

Membrane Glycosphingolipids in Cerebral Organoids. 
A p a r t f r o m gangliosides, the l i p i d extract was ut i l ized to m o n i t o r 
other major l i p i d species. W e characterized 351 l i p i d species 
f r o m over 24 l i p i d classes c o m p o s e d of cholesterol, phospho­
l ipids , lysophosphol ipids , ceramides, sphingolipids, triacylgly-
cerols, and carnitines (Figure S14) . Gangliosides G M 1 , G M 2 , 
G M 3 , G D I a, G D l b , G D 2 , G D 3 , and G T l b are abundant i n the 
nervous t i s s u e . 2 8 T h e m o n o s i a l o G M 3 a n d disialo G D 3 
represent N S C s m a r k e r s . 2 9 G D 3 was the most abundant 
ganglioside i n the C O s (Figure S l l ) , and the levels of G D 3 
and G M 3 remained steady at all t ime points, indicat ing h i g h 
N S C reserve even at a late stage of C O prol i ferat ion, an analogy 
w i t h mature bra in t i ssue . 3 0 G D 3 interacts w i t h the epidermal 
g r o w t h factor receptor ( E G F R ) and induces neural precursor 
cel l differentiation and neurite f o r m a t i o n . 3 1 W e observed a 
progressive increase i n complex neuronal gangliosides f r o m D 4 8 
u n t i l D U O , fo l lowed b y a decline i n D 1 3 5 and D 1 6 0 (Figures 4c 
and S l l ) . T h e biosynthesis switch poss ib ly indicates the 
neuronal differentiation stage f r o m G D 3 and G M 3 to complex 
neuronal gangliosides (i.e., G D l a , G D l b , G T l b , and G M l ) , 
i n v o l v e d i n signaling neurogenesis and astrocytogenesis . 3 2 G M 2 
and G D 2 have been associated w i t h as t rocytes . 3 3 ' 3 4 G D 2 and 
G M 2 levels increased gradually i n C O s , w i t h a m a x i m u m at 
D 1 6 0 , paralleled b y astrocyte prote in markers, a l luding to their 
possible colocal izat ion i n astrocytes (Figures 4c ,d, S l l , and S15 
and Table S l l ) . 

• CONCLUSIONS 

C O s have been increasingly used as a bra in m o d e l . H o w e v e r , 
the 3 D cell cultures suffer f r o m the "batch effect" caused b y 
v a r i a t i o n s i n the d i f f e r e n t i a t i o n , m o r p h o l o g y , a n d c e l l 
c o m p o s i t i o n . 5 H i g h intra- and interbatch differences l i m i t the 
reproducib i l i ty of experiments and m a y induce false discoveries. 

W e developed a mass spectrometry-based prof i l ing of cell-
specific proteins (Table S i ) and l i p i d traits w i t h h i g h selectivity, 
sensitivity, and reproducib i l i ty i n a single C O (Figures 4c and 
S l l ) . L C - M S can characterize a single cerebral organoid and 
m a y be appl ied repeatedly us ing different L C separation 
condit ions and S R M assays to profile hundreds of analytes 
quantitatively. Pre-analytically, we r e m o v e d the organoid matrix 
to mitigate a nonspecif ic b i n d i n g of smal l molecules and 
peptides to cell culture m e d i a , 3 5 reducing interferences w i t h L C -
M S analys is 3 6 (F igure l ) . W e presented a systematic w o r k f l o w 
for relative prote in quantif ication (Figure S2) . W e demonstrated 
that the characterization of indiv idual C O s using a panel of cell-
specific prote in markers and l i p i d traits c o u l d be used to reduce 
in t ra -batch and interbatch var iab i l i ty post -analyt ica l ly b y 
discarding results f r o m abnormal ly differentiated cerebral 
organoids. H o w e v e r , our m e t h o d requires analyzing 3—5 C O s 
per g r o u p / c o n d i t i o n to identi fy outliers, w h i c h m a y lead to 
extensive cell culture. 
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O u r study's prote in and l i p i d traits characterized for various 
cell populat ions demonstrate the requisite complexi ty o f C O s to 
m i m i c neurodevelopment and aging features. Despite the 
heterogeneity, our characterization p r o t o c o l shows the potent ia l 
of C O s as a m o d e l for the neurobio logy of h u m a n neurological 
disorders. 
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