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 18 

Engineering human tissue with diverse cell types and desired cellular architectures and 19 

functions is a considerable challenge. The cerebral cortex, which has a layered cellular 20 

architecture composed of layer-specific neurons organised into vertical columns, delivers 21 

higher cognition through intricately wired neural circuits. However, current tissue 22 

engineering approaches cannot produce such structures. Here, we use a droplet printing 23 

technique to fabricate tissues comprising simplified cerebral cortical columns. Human 24 

induced pluripotent stem cells (hiPSCs) were differentiated into upper- and deep-layer 25 

neural progenitors, which were then printed to form cerebral cortical tissues with a two-26 

layer organization. The tissues showed layer-specific biomarker expression and 27 

developed an integrated network of processes. Implantation of the printed cortical tissues 28 

into mouse brain explants resulted in substantial implant-host integration across the 29 

tissue boundaries as demonstrated by the projection of processes, the migration of 30 
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 2 

neurons and the appearance of correlated Ca2+ signals. The approach we have 31 

developed might be used for the evaluation of drugs and nutrients that promote tissue 32 

integration. Importantly, our approach might be applied in personalised implantation 33 

treatments that restore the cellular structure and function of a damaged brain by using 3D 34 

tissues derived from a patient's own iPSCs. 35 

 36 

Main 37 

Tissue regenerative therapies have gained tremendous recent interest and promise to 38 

provide alternative treatments for a wide range of difficult-to-treat injuries and diseases. 39 

The emergence of human induced pluripotent stem cells (hiPSCs) has the potential to 40 

generate the cell types that comprise all human tissues1. Importantly, autologous 41 

transplantation of iPSC-derived cells can minimise the immune response2. Here, we focus 42 

on the generation of neural tissues for implantation, although our technology is widely 43 

applicable.   44 

 45 

Brain injuries, such as traumatic brain injury (TBI), can damage the cerebral cortex and 46 

cause catastrophic burden to patients and society. In 2018, it is reported that 69 million 47 

people globally suffer from TBI and 4.8 millions of these cases are severe 3,4, which leads 48 

to disabilities and an estimated mortality of 30% 5,6. However, effective therapeutics are 49 

still absent for the treatment of  brain injuries 7. The implantation of neural progenitor cells 50 

and brain organoids into mice has been attempted for the repair of brain injuries 8,9. 51 

However, the structure of the damaged brain tissue was not fully restored in these studies 52 

because the implanted dissociated cells or organoids did not provide the cellular 53 

architecture resembling natural brain anatomy. The cerebral cortex typically has a six-54 

layer architecture composed of layer-specific neurons. Layers I-IV are designated upper 55 

layer, while Layers V-VI are the deep layers. Intracortical wiring of neural circuits between 56 

different layers 10,11, is believed to play an important role in higher cognition in mammals 57 

12,13. Rather than the implantation of dissociated hiPSCs-derived cells or organoids 58 

(lacking structural control), we suppose that the implantation of tissues resembling the 59 

cellular architecture of the damaged tissue will offer a more effective treatment. Here, we 60 

report a droplet printing technique that produces two-layered simplified model of cerebral 61 
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 3 

cortical columns. These constructs were implanted into lesions in live mouse brain 62 

explants. The implants undergo structural and functional integration, demonstrating a 63 

significant advance in tissue engineering en route to organ repair.  64 

 65 

In brief, we first differentiated hiPSCs into two subtypes of neural progenitors (NPs), 66 

upper- and deep-layer neural progenitors (UNPs and DNPs; Fig. 1a, left column). These 67 

layer-specific NPs were then printed into layered cerebral cortical tissues using our 3D 68 

droplet printing technique, which enables the production of structurally defined and 69 

scaffold-free soft tissues composed of cells and extracellular matrix (ECM; Fig. 1a, middle 70 

column) 14-16. The printed progenitor cells underwent maturation, including terminal 71 

differentiation, process outgrowth and migration. The layered structure was maintained in 72 

vitro and naturalistic layer-specific markers were expressed. The printed tissues were 73 

then implanted into lesions within mouse brain explants (Fig. 1a) and the cellular structure 74 

and integration were monitored over a week. 75 

 76 

Layered Structures by 3D-Droplet Printing 77 

The 3D droplet printer contains a piezo driver which generates mechanical pulses and 78 

ejects droplets from a printing nozzle (Extended Data Fig. 1a) 16. The ejected droplets, 79 

containing ECM only (Fig. 1b) or ECM and cells (Fig. 1c,d), spontaneously acquire a lipid 80 

monolayer at the droplet/ oil interface, and contacting droplets formed droplet-interface 81 

bilayers (DIB; Fig. 1a, middle, and Fig. 1b). With computer-aided printing, the cell-82 

containing droplets (diameter ~100 μm) can be patterned to produce various designs of 83 

droplet networks. For example, a 8x8x8 droplet network with RFP-labelled cells (Fig. 1e,f 84 

and Extended Data Fig. 1c,d) and a 12x12x12 droplet network with GFP-labelled cells 85 

enveloped by RFP-labelled cells (Fig. 1g) were printed. To produce material for 86 

implantation, we printed layer-specific neurons, RFP-labelled UNPs and non-labelled 87 

DNPs (see below),  into a 16x8x8 two-layer droplet network (Fig. 1a bottom, h-j) with a 88 

height of ~1000 μm and width of ~500 μm, to from a simplified version of a cerebral cortex 89 

column comprising upper-layer and deep-layer segments 17. Raising the temperature, 90 

from room to physiological, facilitated gelation and annealing of printed two-layer 91 

networks, containing either cells (Extended Data Fig.1d) or microbeads (Extended Data 92 
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Fig.1e). 93 

 94 

To demonstrate that our printing technique might produce structures representing all six 95 

layers of the cerebral cortex 17, we applied a layer-by-layer sequential printing strategy 96 

(Extended Data Fig. 1f). Each layer, composed of an 8x8x8 droplet network, was labelled 97 

with a different colour (Fig. 1k and Extended Data Fig. 1g). In addition to printing sub-98 

millimetre scale cubic structures, centimetre-scale structures with diverse shapes were 99 

also printed (Fig. 1I-n and Extended Data Fig. 1h). 100 

 101 

Generation of Layer-specific Neural Cells 102 

The differentiation of layer-specific cerebral cortical progenitor cells from hiPSCs was the 103 

essential first step towards fabrication of the two-layer cortical tissue. In humans and most 104 

other mammals, the layers of the cortex are formed in an inside-first-outside-last order. 105 

Deep-layer neurons, as the early product of cortical neurogenesis, divide asymmetrically 106 

from radial glia cells (RGCs) and migrate toward the cortical plate by radial migration from 107 

the ventricular zone 18. Similarly, recent differentiation protocols have reported that, in 108 

early cultures, NPs primarily differentiate into deep-layer neurons (DNs), which can be 109 

phenotyped by the expression of the deep-layer marker CTIP2 19,20.  110 

 111 

To generate DNs, we applied a dual-SMAD inhibition differentiation method 21 to generate 112 

NPs in monolayer culture. Human iPSCs, reprogrammed from a healthy individual's 113 

somatic cells 21, were confirmed for their pluripotency. Immunostaining showed high 114 

expression of the pluripotency markers TRA-1-60, NANOG and OCT4 (Fig. 2b, left 115 

column and Extended Data Fig. 2a). We used a defined neural induction medium (NIM), 116 

containing the two SMAD inhibitors, LDN193189 and SB431542, to induce the hiPSCs 117 

into neural ectoderm lineage. The neural ectoderm cells were then cultured in neural 118 

maintenance medium (NMM), which enables the generation of NPs by 19 Days in vitro 119 

(DIV19). Further maturation was achieved by seeding NPs at a low density (100,000 120 

cells/cm2) and using neural terminal medium (NTM) containing the γ-secretase inhibitor 121 

(DAPT), which blocks the presenilin–γ-secretase complex 22 and prevents the 122 

downstream activation of Notch 23. The inhibition of Notch pathway switches the 123 
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differentiation from glial to neuronal cell fates 24. DAPT has been applied in various hiPSC 124 

differentiation protocols to facilitate neuron differentiation and maturation 25-27. After 10 125 

days of culture in NTM, DNs showed the features of mature neurons at DIV 29+ with a 126 

polarized morphology and the expression of the deep-layer marker CTIP2, but low 127 

expression of middle-upper (SATB2) and upper layer (CUX1 and BRN2) markers 128 

(Extended Data Fig. 3a,b).  129 

 130 

Later in cortical neurogenesis, RGCs generate neurons that migrate radially into the 131 

cortical plate, passing through the DNs, to become upper-layer neurons (UNs) 18,28. A 132 

recent protocol from Boissart, et al. addressed the generation of homogeneous UNs in 133 

vitro through prolonged pro-proliferative culture of NPs, which resembles the in vivo 134 

process of the late production of UNs from proliferating RGCs 27. Following this protocol, 135 

we conducted an extended treatment of NPs with a growth factor cocktail, resembling the 136 

key steps of Boissart’s protocol 27. In contrast with the original protocol, we adopted small 137 

molecules for induction and the monolayer system in our neural differentiation protocol to 138 

reduce batch-to-batch variation. The growth factor cocktail included a combination of 139 

growth factors that support proliferation (FGF-2 and EGF) 29,  and survival and maturation 140 

(BDNF) 27,30. During the treatment, the cells retained progenitor morphology, and 141 

underwent 8-10 doublings from the beginning of neural induction until DIV 40. A 142 

representative culture on DIV 31 is shown in Fig. 2b (middle column). The UNPs at DIV 143 

40 could then be harvested for further maturation culture or cryopreservation. For 144 

continual maturation of UNPs, the growth factors were withdrawn at DIV 40, and a further 145 

incubation in NTM containing DAPT over ten days was conducted to generate mature 146 

UNs at DIV 50+ (Fig. 2b, right column and Extended Data Fig. 4a-c). Without DAPT, 147 

however, the cells showed a non-polarised morphology which was similar to the UNPs, 148 

indicating failure to undergo maturation (Extended Data Fig. 4a). The UNs were 149 

morphologically similar to DNs (Extended Data Fig. 4a and Fig. 3a). However, 150 

immunofluorescent staining of DIV50+ UNs showed the expression of upper-layer 151 

markers CUX1, CUX2 and BRN2, and the middle-upper layer marker SATB2, whereas 152 

CTIP2 expression was rarely detected (Fig 2c and Extended Data Fig.4d). A quantitative 153 

analysis showed that DIV50+ UNs expressed CUX1, BRN2 and SATB2 at 68 ± 8%, 74 ± 154 
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7% and 70 ± 7%, respectively. In contrast, only 16 ± 4% cells expressed deep-layer 155 

marker CTIP2 (Fig. 2d).  156 

 157 

To further confirm the identities of the DN and UN cells, we conducted gene expression 158 

analysis using a Real-time Quantitative Polymerase Chain Reaction (RT-qPCR). The 159 

treatment with the growth factor cocktail significantly upregulated CUX1 expression with 160 

a 20- and 22-fold change in DIV40+ UNPs and DIV50+ UNs compared to hiPSCs, 161 

whereas no upregulation detected in DIV19 DNPs. In addition, we did not detect CTIP2 162 

expression changes in DIV40 UNPs. By comparison, DIV 47+ UNs in Boissart’s original 163 

protocol also revealed ~20-fold upregulation of CUX1, along with an ~10-fold increase in 164 

CTIP2 expression 27. PAX6, a neural stem cell marker  31, was identified in DIV19 DNPs 165 

indicating successful cortical neural induction. The expression of PAX6 was decreased in 166 

DIV40 UNPs and dropped further after maturation in DIV50+ UNs, with ~160-, 12- and 3-167 

fold expression compared with hiPSCs in DIV19 DNPs, DIV40 UNPs and DIV50+ UNs, 168 

respectively. NESTIN, a neural marker, was upregulated over the differentiation and 169 

maturation process from a low level in DIV19 DNPs, and showed a 2-fold increase in 170 

DIV40 UNPs and a 7-fold increase in DIV50+ UNs compared with hiPSCs (Fig. 2e) 32.  171 

 172 

By adapting the reported protocols 20,27, we produced two distinct progenitors, DNPs and 173 

UNPs, which gave rise to the corresponding mature layer-specific neurons: DNs and UNs. 174 

Our DIV 29+ DNs expressed the deep-layer marker CTIP2 but rarely expressed upper-175 

layer markers. This result is consistent with reported protocols. For example, Shi’s 176 

protocol producing ~40% CTIP2- and 5% BRN2-expressing neurons at DIV30 20. By 177 

comparison, Boissart’s protocol generated over 70% of UNs expressing upper-layer 178 

markers CUX1 and BNR2 on DIV 47+ 27, consistent with the DIV 50+ UNs in this study 179 

(68% expressed CUX1 and 74% expressed BRN2).   180 

 181 

Printing Two-Layer Cerebral Cortical Tissue  182 

To fabricate functional cortical tissues, the progenitor cells, DNPs and UNPs, were 183 

harvested for printing. Progenitors, instead of mature neurons, were used because the 184 

progenitors were less sensitive to the dissociation procedure from 2D cultures compared 185 
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to mature neurons and were compact for printing. We printed the tissues in oil, followed 186 

by phase transfer into growth medium. For the first week of post-printing culture (WPP), 187 

the cortical tissues were incubated in NMM supplemented with a growth factor cocktail 188 

(FGF-2, EGF and BDNF) to facilitate tissue survival. At the end of 1 WPP, the growth-189 

factor supplemented NMM was replaced with NTM to encourage the maturation of the 190 

cortical tissues. The tissues were harvested at 2, 4 and 8 WPP and assessed for 191 

morphology, cell migration, process outgrowth and gene expression (Fig. 3a). 192 

 193 

We first fabricated deep-layer cortical tissues (8x8x8 droplet networks) from DNPs (Fig. 194 

3b, top).  The printed tissues were incubated in NMM supplemented with growth factors 195 

(Fig. 3b, middle and Extended Data Fig. 5a, left). A representative cortical tissue at 8 WPP 196 

was sectioned and immunostained to reveal the tissue structure and the cellular 197 

composition, which was visualized with neural markers: stem cell marker SOX2, general 198 

marker of young neurons TUJ1, deep-layer markers (CTIP2 and TBR1), and upper-layer 199 

marker (CUX1; Fig. 3b bottom, c and Extended Data Fig. 5b). CTIP2/TBR1-expressing 200 

DNs and sparse CUX1-expressing UNs were observed, which are comparable with in 201 

vitro differentiated human cortical neurons 20 and brain organoids33.  202 

 203 

To generate cortical tissues with two layers, we printed two 8x8x8 droplet networks side-204 

by-side, one containing DNPs and the other UNPs, to give a 16x8x8 droplet network (Fig. 205 

3d, top). We expected that the DNPs and UNPs would further differentiate during post 206 

printing culture to give the corresponding mature neurons, DNs and UNs, in the layers 207 

where they were printed. To determine 1) whether the two layers were preserved during 208 

post printing culture; and 2) whether the DNPs and UNPs were converted to DNs and 209 

UNs, we characterised the printed tissues at different differentiation time points. 210 

 211 

Neuronal process outgrowth and migration are two important developmental phenomena 212 

of cortical neurogenesis. After two-weeks of culture, the printed cortical tissues remained 213 

in the desired two-layered architecture, as illustrated by bright-field images (Extended 214 

Data Fig. 5a, right) and immunofluorescence images with combined nucleus staining 215 

(DAPI, all cells) and RFP-labelled UNPs (Fig. 3d, middle). Further immunostaining of 216 
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sectioned 2 WPP cortical tissues revealed that the majority of cells in both layers 217 

expressed the neuronal marker TUJ1 and the neural stem cell marker SOX2 (Fig. 3d, 218 

bottom), indicating that the cells in both layers were neural. Z-projection images of the 219 

two-layered tissues at 8 WPP revealed that most of the neurons had acquired a polarized 220 

morphology with long processes, suggesting that neural differentiation and maturation 221 

has occurred in the printed tissue (Fig. 3e). A magnified view showed that the upper-layer 222 

neurons had produced processes projecting toward the deep layer (Fig. 3e). Neuron 223 

migration between layers was also found in the printed tissues, indicated by arrows in 224 

Figure 3e and Extended Data Fig. 5c. A movie of the 3D-reconstructed cortical tissue 225 

further illustrated the abundance of processes that crossed between layers 226 

(Supplementary Video 1). Comparison of the two-layer tissues at 2, 4 and 8 WPP 227 

revealed the dynamics of cross-layer process outgrowth and neuron migration (Fig. 3f). 228 

Quantitative analysis showed significant migration of RFP-labelled UNs into the deep-229 

layer over 8 weeks of incubation, but no significant change of RFP-signal was found in 230 

the upper layer (Fig. 3g and Extended Data Fig. 5d).  231 

 232 

Next, we assessed the spatial-temporal expression of general and layer-specific neural 233 

biomarkers to reveal the dynamics of neural maturation during post printing culture. 234 

Immunostaining of sectioned tissues at the three time points (2, 4 & 8 WPP) revealed a 235 

significantly higher population of cells in the upper layer compared to the deep layer that 236 

expressed the upper-layer marker CUX1 (78 ± 2 % v 37 ± 3 %, mean value over 2, 4 & 8 237 

WPP) and the middle-upper layer marker SATB2 (68 ± 4 % v 39 ± 4 %). Conversely, a 238 

higher percentage of cells in the deep layer compared to upper layer expressed the deep-239 

layer marker CTIP2 (35 ± 4 % v 10 ± 2%) at 2 WPP. The percentages of cells expressing 240 

CTIP2 in the deep and upper layer dropped to 18 ± 5% and 5 ± 0.2% respectively at 4 241 

WPP and further fell at 8 WPP (4 ± 2 % and 3 ± 0.6%, respectively). This result is 242 

consistent with the previously reported observation in cerebral organoids where the 243 

population of cells expressing CTIP2 decreased from 30 to 105 days in culture after an 244 

initial increase during the first month, mimicking the temporal patterning observed in the 245 

mouse 34. In addition, we found that a substantial population of cells (>90%) expressed 246 

neuronal marker TUJ1 at all time points in both layers, indicating that the majority of cells 247 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted October 30, 2022. ; https://doi.org/10.1101/2022.10.28.513987doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.28.513987


 9 

in the printed tissues had committed to the neuronal lineage (Fig. 3h,i and Extended Data 248 

Fig. 5e,f). Together, these data demonstrate that the printed two-layer tissues retained 249 

the designed cellular architecture, with dynamic process outgrowth, cell migration. Further, 250 

the expected layer-specific marker expression was observed during the eight-week 251 

maturation process. 252 

 253 

Integration of Printed Cortical Tissue with Brain Explants 254 

Cultured organotypic brain explants preserve brain architecture and cellular function in 255 

an ex vivo environment 35,36. We implanted printed cortical tissues into lesions in the 256 

cortex of mouse brain explants to assess their ability for tissue repair. We first printed the 257 

cortical tissues (on day -1) and cultured them for 1 day before implantation (Fig. 4a). On 258 

day 0, we prepared the brain explants and created an ~800-μm diameter circular lesion 259 

in the cerebral cortex. The explants were then cultured on Transwell inserts and the 260 

printed tissues were implanted into the lesion (Fig. 4a and Extended Data Fig. 5a,b). The 261 

implanted explants were then cultured under either condition A or B for one day, followed 262 

by DAPT treatment for 4 days (see Supplementary Table 1). Condition A is a nutrient-263 

enriched formula modified from DMEM/F12 and Neurobasal medium containing a high 264 

glucose level of ~25mM 37, whereas condition B primarily consists of a commercially 265 

available BrainPhys medium with a physiologically relevant glucose level of ~2.5 mM. The 266 

high glucose concentration can inhibit neuron differentiation through oxidative and 267 

endoplasmic reticulum stress 38. Previous reports have indicated the superior 268 

performance of BrainPhys medium compared to DMEM/F12 and Neurobasal medium on 269 

the 2D culture of hiPSC-derived neurons in supporting neuronal survival and function, 270 

such as frequent action potential firing and long-term electrical activity 37. To evaluate the 271 

effects of condition A, condition B and DAPT on the integration of the implant, process 272 

outgrowth and neuron migration from the implants into the host were measured (Fig. 4b). 273 

 274 

Fluorescent confocal imaging revealed process outgrowth and neuron migration from the 275 

implant towards the host, indicating that the printed tissues had integrated into the brain 276 

explant (Condition B, no DAPT; Fig. 4c). Live/dead staining showed that the cells in the 277 

brain explants were 86 ± 3 % viable at 5 days post-implantation (DPIs; Extended Data 278 
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Fig. 6c,d). The viability of the implants was similar as indicated by their RFP expression 279 

(Fig. 4c). Analysis of the RDP-labelled neurons also revealed process outgrowth and 280 

neuron migration from 1 to 5 DPIs (Fig. 4d). Profile plots of fluorescent intensity revealed 281 

the extent of process outgrowth at 1DPI (220 μm) and 5 DPI (405 μm; Fig. 4e).  282 

 283 

Process outgrowth and neuron migration is regulated by microenvironmental cues during 284 

neurogenesis 39,40. We, therefore, hypothesised that process outgrowth and cell migration 285 

might respond to different nutrient conditions and small molecular treatment, such as 286 

DAPT. To address this, we cultured implanted explants under four conditions: condition A 287 

and B, with and without DAPT. Using fluorescent confocal imaging, we found differences 288 

in the distance of outgrowth and migration under the four conditions at 5DPIs (Fig. 4f). 289 

Quantitative analysis showed a significant increase in the distance of process outgrowth 290 

in condition B (434 ± 41 μm) compared to condition A (265 ± 30 μm). Interestingly, DAPT 291 

treatment led to further increases in the distance for both condition A (increased by 153 292 

μm to 418 ± 70 μm) and condition B (increased by 287 μm to 721 ± 71 μm; Fig. 4g and 293 

Extended Data Fig. 6e). Therefore, our data illustrated that the implanted explants can be 294 

used to evaluate the effect of nutrients and small molecule treatment on implantation. 295 

 296 

We also examined the influence of the duration of the pre-implantation incubation of the 297 

printed tissues. We compared the distance of process outgrowth and neuron migration 298 

from the implants with 1- or 14-days pre-implantation incubation in condition B. The 299 

outcome suggested that a 14-day pre-implantation culture of cortical tissues can extend 300 

implant-to-host process outgrowth (Fig. 4h). We found an increase in process outgrowth 301 

of 222 μm to 656 ± 63 μm at 5 DPIs, compared with the implants that had undergone a 302 

1-day pre-implantation incubation (Fig. 4i and Extended Data Fig. 6e).  303 

 304 

Under high magnification, we identified individual neurons migrating across the implant-305 

host boundary (Fig. 4j). Quantitative analysis was conducted by counting the number of 306 

RFP-labelled neurons in an area between 200 and 400 μm away from the implant. The 307 

analysis showed 20 ± 2, 17 ± 3 and 18 ± 3 RFP-labelled neurons/0.1mm2 migrated into 308 

the host brain explant at 5 DPIs from implants composed of UNs, DNs, and 14 days pre-309 
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cultured DNs respectively. The migration of UNs was observed over three time points: 1, 310 

3 and 5 DPIs (1.4 ± 0.4, 12 ± 4, 20 ± 2 neurons/0.1mm2 respectively). 311 

 312 

Functional Integration of Printed Two-layer Cortical Tissue with Brain Explants 313 

Effective therapies using stem cell-derived cortical tissue for brain repair has not been 314 

established. A critical challenge is the difficulty in forming functional connections between 315 

implants and the host brain. Here, we printed cortical tissues with a size compatible with 316 

explants of the cerebral cortex of P8 mice (800-1000 μm) 41 and a simplified laminar 317 

architecture consisting of deep and upper layers. The two-layered cortical tissue was then 318 

implanted into the lesioned cortex of a mouse brain explant. Importantly, the orientation 319 

of the implanted tissues was matched with the cortex of the host; the deep layer of the 320 

implant was implanted into the ventral region of the cortex and the upper layer into the 321 

dorsal region. Integration between the implants and host was evaluated through the 322 

extent of process outgrowth and neuron migration from the implant towards the host (Fig. 323 

5a,c and Extended Data Fig. 6f). Quantitative analysis of process outgrowth and neuron 324 

migration at 1, 3 and 5 DPIs showed an increase in process projection distance over the 325 

culture periods: 85 ± 14 μm, 336 ± 22 μm to 419 ± 22 μm, respectively (Fig. 5b). Further, 326 

immunostaining showed human-specific neural marker HNCAM expression in both layers 327 

confirming the human origin of the implanted neurons, while RFP expression was sharply 328 

lower in the upper layer compared to the deep layer, indicating that the two-layer pattern 329 

had been maintained in the implant (Fig. 5 d,e). 330 

 331 

In the nervous system, correlated Ca2+ oscillations of cells in connected neuronal circuits 332 

are necessary for brain functions 42-44. To evaluate the functionality of the implanted 333 

cortical tissues, we performed Ca2+ imaging with Fluo-4, a fluorescent calcium indicator. 334 

Time-lapse recordings of implanted explants revealed spontaneous Ca2+ oscillations of 335 

cells in both the implant and the host at 5 DPIs (Fig. 5f). Simultaneous calcium ion 336 

fluctuations in adjacent cells, suggested potential correlation between these cells (Fig. 337 

5g). To seek correlations of calcium oscillations between implant and host, we recorded 338 

Ca2+ signals at the implant/ explant interface (Fig. 5h and Supplementary Video 2). By 339 

applying the correlation calculation method reported by Ko et al. 45, we found that the 340 
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neurons exhibited Ca2+ oscillations with a correlation factor of R>0.1 at 5 DPIs, suggesting 341 

a functional connection between the implant and the host (Fig. 5i and Extended Data Fig. 342 

7a).  Additional similarity matrices and correlated network analyses supported the 343 

existence of multiple neuronal communities with correlated firing patterns (Fig. 5j and 344 

Extended Data Fig. 7b,e). Further Ca2+ imaging (Fig. 5k and Extended Data Fig. 7c,d) 345 

and correlated network assessment (Fig. 5m and Extended Data Fig. 7e) on 5 DPI 346 

implanted explants showed correlated cell pairs within the implant and the host, and 347 

across the implant/ explant boundary. Specifically, we demonstrated a group of regions 348 

of interest (ROIs) with correlated Ca2+ traces between implant and host (Fig. 5n). Overall, 349 

for 3-5 DPI implanted explants, we found 4.4 ± 0.7% correlated host-to-host cell pairs, 1.6 350 

± 0.3% host-to-implant cell pairs and 2.0 ± 0.9% implant-to-implant cell pairs (Fig. 5o). 351 

These data show that potential functional connections exist between the printed two-352 

layered cerebral cortical tissue and the host tissue.  353 

  354 

Discussion 355 

Here, we demonstrate that droplet-based 3D-printing can be used to produce tissues with 356 

the architecture of a simplified two-layer cerebral cortical column. The identity and 357 

structure of the deep and upper layers were maintained during in vitro culture after printing. 358 

During this period, process outgrowth, neuron migration and maturation were observed. 359 

Subsequent implantation of the printed cortical tissues into brain explants demonstrated 360 

the formation of structural and functional connections between the implant and the host. 361 

 362 

The emergence of hiPSCs and recent advances in stem cell differentiation, particularly 363 

those producing deep- and upper-layer specific neurons 20,27 encouraged us to fabricate, 364 

for the first time, a layered cortical tissue in three dimensions. Although we demonstrated 365 

that our droplet-printing technique is capable of producing six-layered structures, 366 

mimicking the complex human cerebral cortex architecture, current hiPSCs techniques 367 

have not produced populations of neurons representing all six layers. Further advances 368 

in the generation of layer-specific cortical neurons, along with our droplet printing 369 

technique, will enable the fabrication of more fine-grained and realistic 3D ex vivo cortical 370 

tissues for better understanding the mystery of how intracortical human neuron circuits 371 
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develop and lead to higher cognition 10,11. 372 

  373 

In the current study, we printed neural progenitors, DNPs and UNPs, instead of their 374 

mature descendants. These progenitors differentiated in the printed tissues during post 375 

printing culture. This strategy allowed us to avoid the difficulties associated with handling 376 

mature neurons which are known to be sensitive to dissociation from culture vessels and 377 

would likely be damaged in the 3D printing process due to their sensitivity to physical 378 

stress, changes in temperature, and changes in osmolarity 46. 379 

 380 

Interestingly, after printing, the DNPs and UNPs continued to mature in the host towards 381 

DNs and UNs respectively, despite the fact that they were in a common growth medium. 382 

The use of lineage-committed progenitors represents a novel strategy for the fabrication 383 

of 3D tissues. Recently, the Lewis group reported a co-differentiating strategy in 3D 384 

tissues derived from two types of hiPSCs, transfected with either neural or endothelial-385 

associated transcription factors (TFs), to produce vascularised neural tissues47. Although 386 

the study produced patterned neural tissues containing distinct cell types, it relied on 387 

lentivirus-based genetic modifications, which might have limited application potential in 388 

implantation therapies 48,49. In our strategy, the production of neural tissues containing 389 

distinct types of neurons without genetic manipulation, reduces concerns over clinical 390 

safety, and might be applied to the construction of other tissues containing multiple cell 391 

types.  392 

 393 

The transplantation of dissociated human neurons into the mouse brain has been 394 

reported in several studies, which have demonstrated the survival of injected cells, 395 

pathway generation and implant-host connections 8,50. However, the transplantation of 396 

dissociated cells has not been reported to restore the architecture of lost tissue, for 397 

example, the laminar structure of the lesioned cortex. With droplet printing, an implant 398 

can be designed to emulate the dimensions, orientation, cellular composition and 399 

structure of the lost tissue. Particularly in the case of a large lesion, the implantation of 400 

replacement tissue with matched 3D shape and cellular architecture will provide a precise 401 

treatment. In the present study, printed two-layer cortical tissues were implanted into live 402 
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mouse brain explants, leading to structural integration, based on implant-to-host process 403 

outgrowth and neuron migration, and functional integration shown by calcium oscillations 404 

correlated between the implant and the host. Considering the short period of post-405 

implantation culture, we presume that the functional connections are a result of the early 406 

establishment of volume transmission, a neuronal signal transmission mechanism 407 

conducted by non-synaptic release of neurotransmitters, which diffuse through the 408 

extracellular space 51,52. Implantation after longer post-implantation incubation times 409 

might lead to more advanced functional repair, an aim of our future work. Further research 410 

could take advantage of potential advances in neural differentiation that produce further 411 

layer-specific neurons and thereby more realistic cortical tissues. Progenitors derived 412 

from patients' own cells might also be used to produce implants to treat currently incurable 413 

brain damage.  414 

 415 

Methods 416 

All catalogue numbers of materials are incorporated in Supplementary table1, 2 and 3. 417 

 418 

hiPSC differentiation 419 

Cell lines. The iPSC lines used in this study were kindly provided by Dr Sally Cowley 420 

(James Martin Stem Cell Facility, Oxford). We used three AH016-3 lines: unlabelled, RFP-421 

labelled, and GFP-labelled 21. 422 

 423 

Maintenance. iPSC lines were maintained and expanded at 37°C in 5% CO2 in 424 

mTeSRTMPlus medium (Stemcell Technologies) on 1:100 diluted Geltrex (Thermo Fisher)-425 

coated plates with daily medium changes and passaging every 3-4 days with releasing 426 

agent ReLeSR (Stemcell Technologies). 427 

 428 

DNP differentiation. On DIV-1, hiPSCs were passaged 1:1 or 3:2 after release as small 429 

clusters with 0.5 mM EDTA. To achieve this, cells were washed with Dulbecco's 430 

phosphate-buffered saline (DPBS; Gibco) and treated with 0.5 mM 431 

ethylenediaminetetraacetic acid (0,5 EDTA; Life Technologies) for 7-10 min. After 432 

aspiration of the EDTA, cells were lifted with mTeSRTMPlus medium. Floating cells were 433 
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collected and replated onto Geltrex-coated plates in mTeSRTMPlus. On DIV0, 100% 434 

confluent hiPSCs were induced with Neural Induction Medium (NIM, Supplementary 435 

Table 1). The medium was exchanged with fresh NIM daily until DIV7. On DIV7, the cells 436 

were passaged 1:2 using 0.5 mM EDTA, replated, and cultured in NIM supplemented with 437 

10 μM Y-27683 (Stemcell Technologies). On DIV8, the culture medium was changed to 438 

Neural Maintenance Medium (NMM, Supplementary Table 1). On DIV12, cells were 439 

passaged 1:2 again using EDTA as described above. On DIV 16, cells were passaged 440 

1:2 using Accutase (Life Technologies). The cells were washed with DPBS first and then 441 

treated with 1 mL Accutase at 37°C for 5-7 mins. Then, an additional 3 mL DMEM/F12 442 

medium were added (Life Technologies), followed by centrifugation for 5 min at 200 g. 443 

The cell pellet was resuspended with NMM supplemented with 10 μM Y-27683 and 444 

replated on Geltrex-coated plates. On DIV19, hiPSC-DNPs were passaged for either 445 

cryopreservation as cell stocks or replating for terminal maturation. For cryopreservation, 446 

DNPs were treated with 10 μM Y-27683 for three hours before dissociation with Accutase. 447 

Cell pellets were resuspended in 1 mL pre-chilled freezing medium containing 90% Fetal 448 

Bovine Serum (FBS, Gibco) and 10% DMSO (Sigma). The resuspended DNPs were 449 

transferred into cryopreservation vials and slow cooled in Freezing Containers (Thermo 450 

Scientific) at -80°C overnight, before transfer into liquid nitrogen for long-term 451 

preservation.  452 

 453 

UNP differentiation. DIV19 DNPs were cultured in NMM supplemented with a growth 454 

factor (GFs) cocktail containing 10 ng/mL Fibroblast Growth Factor-2 (FGF-2), Epidermal 455 

Growth Factor (EGF) and Brain-derived Neurotrophic Factor (BDNF) (NMM+GFs, 456 

Supplementary Table 1). The culture medium was exchanged with fresh medium daily. 457 

Once the progenitors reached 100% confluency, they were passaged 1:2 using Accutase 458 

as described under DNP differentiation. The centrifuged cells were resuspended with 459 

NMM+GFs and replated. Passaging was performed approximately every 5 days until DIV 460 

40. The DIV 40 UNPs were either cryopreserved or cultured for terminal maturation as 461 

described for DNPs. 462 

 463 

Maturation. To thaw cryopreserved DNPs or UNPs, the frozen cells were placed in a 37°C 464 
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water bath. When the cells had nearly thawed, they were transferred to NMM and 465 

centrifuged at 200 g for 4 min. The cell pellet was re-suspended in NMM with 10 μM Y-466 

27683 and plated into one well of a Geltrex-coated 6-well plate. The cells were cultured 467 

for 2 days with a medium change after one day. 468 

 469 

Then, the cells were passaged by using Accutase and replated at a concentration of 470 

100,000/cm2 on 8- or 96-well plates with Neural Terminal Medium (NTM, Supplementary 471 

Table 1) supplemented with 10 μM Y-27683. The culture medium was exchanged with 472 

fresh supplemented NTM every 3-4 days. After 10 days, mature neurons had been 473 

generated and were ready for assessment. 474 

 475 

Immunocytochemistry  476 

Immunostaining and quantification. DNs and UNs were cultured on Geltrex-coated 96 477 

Well Black Polystyrene Microplates (Corning), washed with DPBS and fixed with 4% 478 

paraformaldehyde (PFA) at room temperature for 15 min. After fixation, the cells were 479 

washed 3 times with ice-cold DPBS, permeabilized by 0.1% Triton X-100 in DPBS 480 

(DPBST) for 20 min and washed again 3 times with DPBS. Then, the cells were blocked 481 

from non-specific binding with 10% goat serum diluted in DPBST for 60 min at room 482 

temperature. Subsequently, the neurons were incubated with primary antibodies diluted 483 

in 1% goat serum in DPBST in a humidified chamber overnight at 4°C. Then, the neurons 484 

were washed with DPBST three times and incubated with secondary antibodies diluted 485 

in 1% goat serum in DPBST for 2 h at room temperature. Information on the antibodies 486 

used is in Supplementary Table 3. After incubation, the cells were washed three times 487 

with DPBST and once with DPBS at room temperature. Then the neurons were mounted 488 

with Antifade Mounting Medium with DAPI (Abcam). The neurons could be examined 489 

directly or stored in the dark at 4°C for later examination.  For the quantification of cells 490 

expressing specific cortical neuronal markers, at least two images with a field of view that 491 

included over 40 cells were made. The cells were counted and the numbers were 492 

averaged for biologically independent sample. Associated consumables are listed in 493 

Supplementary Table 2. 494 

 495 
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Real-time quantitative PCR (qPCR) 496 

Neurons were snap-frozen by putting a pellet of cells in a 15 mL centrifuge tube into 497 

powdered dry ice and stored at -80°C, after thawing for qPCR assessment, total RNA was 498 

isolated using a Monarch@ Total RNA miniprep Kit (New England BioLabs) according to 499 

the manufacturer’s instructions. An additional in-tube DNase I digestion was performed 500 

to avoid the amplification of genomic DNA. RNA concentrations and quality were 501 

assessed by using a Nanodrop spectrophotometer. The RNA was reverse transcribed by 502 

using the LunaScript RT SuperMix Kit (New England BioLab). Quantitative PCR assays 503 

were set up by loading primer mixes and cDNA into wells of a 96-well plate in triplicate, 504 

followed by the addition of Luna Universal qPCR Master Mix (New England BioLabs). 505 

qPCR reactions were performed using the ProFlex PCR System (Applied Biosystem). 506 

Conditions were selected according to the manufacturer’s suggestions (LunaScript). 507 

Relative gene expression values were determined by averaging the results of two to three 508 

technical replicates and comparing the Ct values for genes of interest with those of the 509 

control gene (18S RNA) using the ∆∆Ct method. Associated consumables and Primers 510 

are listed in Supplementary Tables 2 and 3.  511 

 512 

Droplet-printing and tissue culture 513 

Set up. The printer was upgraded from that reported previously14,15. Two microscopes 514 

were used to provide both front and side views, allowing a precise localisation of droplets 515 

and the alignment of multiple networks. 3D printing was performed in a temperature- and 516 

humidity-controlled cold room. Matrigel-based bioink was printed at ~4°C and ~80% 517 

humidity.  Glass printing nozzles were pretreated with (3-aminopropyl)trimethoxysilane 518 

(Sigma) to provide a hydrophilic coating, which prevented the leakage of bioink and 519 

stopped oil entering the nozzles. The printing oil bath contained 2 mg/mL DPhPC (1,2-520 

diphytanoyl-sn-glycero-3-phosphocholine, Avanti) in a mixture of undecane and silicone 521 

oil AR20 1:4 (v/v) (both from Sigma). Associated consumables are listed in 522 

Supplementary Table 2.  523 

 524 

Bioink preparation and droplet printing. Cells were suspended after dissociation with 525 

Accutase. Cell number and viability were assessed after trypan blue staining (Life 526 
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Technologies) by either manual counting with a hemocytometer or by using a Countess 527 

II automated cell counter (ThermoFisher). The cell suspension was then centrifugated at 528 

200 g for 5 min, followed by removal of the supernatant. Pre-thawed Matrigel at 4°C was 529 

then added to the pellet and the cells were resuspended on ice to to generate the bioink, 530 

which was then loaded into printer nozzles at ~4°C. Printing was performed by using 531 

custom printing-control software. The printing process took 15 min to generate an 8X8X8 532 

droplet network. Patterned networks were printed either with two nozzles or by reloading 533 

a single nozzle. 534 

 535 

Phase transfer. A previous protocol 15 was optimised. The glass cuvette containing printed 536 

networks at 4°C was placed in a room-temperature water bath for 20 min before transfer 537 

to a tissue culture incubator at 37°C for 1 h. Two thirds of the oil was then aspirated and 538 

replaced with a mixture of undecane and silicone oil AR20 (1: 4 v/v). The exchange 539 

process was repeated five times to dilute the lipid. Culture medium was then added drop-540 

by-drop and exchanged four times to remove residual oil. Phase-transferred tissue was 541 

pipetted into 12-well or 24-well plates for culture. 542 

 543 

Culture of printed tissues. Printed neural cortical tissues were cultured in NMM 544 

supplemented with FGF-2, EGF and BDNF (all at 10 ng/mL) and 100 U/mL Penicillin-545 

Streptomycin (ThermoFisher) for the initial 7 days. 10 μM Y-27683 was included for the 546 

first 3 days to prevent apoptosis. Then, the cortical tissue was incubated in NTM 547 

containing 100 U/mL Penicillin-Streptomycin for up to 8 weeks. Half of the medium was 548 

exchanged with fresh medium every 3 days. 549 

 550 

Immunohistochemistry of printed tissues 551 

Tissue sections. Printed tissues were fixed in 4% v/v paraformaldehyde for 1 h at room 552 

temperature and washed with DPBS three times. The fixed tissues were embedded in 553 

optimal cutting temperature compound (OCT, VWR) with dry ice and sectioned using a 554 

cryostat (Leica, CM1860 UV) to generate 30-µm-thick sections on glass slides for 555 

immunostaining.  556 

 557 
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Immunostaining. The tissue sections were circled with a PAP pen (Merck) to create a 558 

hydrophobic barrier so that reagents could be localized. The sections were then stained 559 

according to "Immunocytochemistry" (see above). After staining, tissue sections were 560 

mounted in Mounting Medium with DAPI (Fluoroshield, Abcam) and sealed with coverslip 561 

and nail polish for storage at 4°C storage. Fluorescence visualization was carried out with 562 

a confocal microscope and analysed with ImageJ. For quantification, three random fields 563 

were counted in each of the deep and upper layers and averaged for each biologically 564 

independent sample at 2-, 4- and 8-weeks post-printing culture. Three biologically 565 

independent samples were counted for each marker and timepoint. 566 

 567 

Implantation into mouse brain explants 568 

Cerebral cortical tissues were printed 1 day before mouse brain slices were obtained. The 569 

next day, P8 C57BL/6J mice were killed by cervical dislocation in accordance with the 570 

Animals Scientific Procedures Act (1986) under licence no. PP8557407. Brains were 571 

harvested and kept in ice-cold carbogen-saturated (95% O2/ 5% CO2) Earle's Balanced 572 

Salt Solution (EBSS, Life Technologies). Coronal slices (300	 μm) were obtained by 573 

sectioning with a compresstome (Precisionary, VF-310-0Z). The brain slices (explants) 574 

were cultured on 0.4-μm Millicell-culture inserts (Merck Millipore) in six-well plates. On 575 

the same day, a biopsy punch (EMS) with 500-μm inner and 800-μm outer diameter was 576 

used to punch a lesion in the cortex of the explant. The 800-µm circle spanned most of 577 

the thickness of the P7 mouse (~800-1000 μm, Allen Brain Atlas) 41. The printed cortical 578 

tissue was then implanted into the lesion in the natural orientation (upper layer out). The 579 

implanted explants were maintained in culture medium under either nutrient condition A 580 

or nutrient condition B (Supplementary Table 1) at 37°C under 5% CO2. On Day 2, DAPT 581 

was added directly to the cultures without a medium change to a final concentration of 10 582 

nM. The culture medium was then changed every 3 days. Associated consumables are 583 

listed in Supplementary Table 2. 584 

 585 

Characterization of implanted explants 586 

Whole-mount immunostaining. On day 1, 3 or 5 post-implantation, brain explants were 587 

fixed in 4% v/v paraformaldehyde for 1 h at room temperature. The immunostaining 588 
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protocol was similar to that in "Immunohistochemistry of printed tissues". In short, the 589 

explants were washed with DPBS, permeabilized by using 0.5% Triton X-100 in DPBS 590 

(DPBST-0.5%) for 20 min, blocked with 10% goat serum in DPBST-0.5% for 60 min and 591 

immunostained with primary antibodies in 1% goat serum in DPBST-0.5% overnight at 592 

4°C. After three DPBST-0.5% washes, the explants were stained with secondary antibody 593 

(see Supplementary Table 3) in 1% goat serum in DPBST-0.5% for 2 h at room 594 

temperature, followed by DAPI staining (1 μg/mL) for 1 h and three DPBST-0.5% washes. 595 

The immunostained explants were stored in the dark in DPBS at 4°C before imaging. 596 

 597 

Live/dead assay. Implanted explants at 5 DPIs were incubated with 2.5 µM Calcein-AM 598 

(Cambridge Biosciences Ltd) and 5.0 µM propidium iodide (Sigma Aldrich) for 30 min 599 

before imaging. Three randomly selected cortical regions of the explants were imaged. 600 

Images were processed in ImageJ and counted manually.  601 

 602 

Calcium imaging. A Fluo-4 Direct calcium assay kit (Invitrogen) was used according to 603 

the manufacturer’s instructions to determine calcium activities. In short, explants on 604 

culture inserts (0.4 µm Millicell, Merck Millipore) were incubated with a mixture of 605 

BrainPhys™ Imaging Optimized Medium (Stemcell Technologies) and Fluo-4 calcium 606 

imaging reagents (1:1 v/v) for 1 h at 37°C. After incubation, the brain explants were 607 

harvested by cutting the semi-permeable membrane from the culture insert and placed 608 

upside down on imaging dishes (Ibidi). Spontaneous calcium fluctuations were recorded 609 

at 37°C by fluorescence confocal microscopy (Leica SP5) at 1 frame per 1.29 s. 610 

 611 

Calcium Imaging Analysis 612 

All videos were recorded at 1.29s/frame. For the analysis of calcium imaging (Fig. 5g, i, 613 

m, n and o), pre-processing was performed in ImageJ. Neurons were identified as bright 614 

objects and manually selected as ROIs. The fluorescence changes of each ROI over the 615 

recording period were extracted (termed fluorescence traces) and exported as csv files 616 

for further analysis with Excel. Subsequently, functional neuron connection analysis was 617 

performed based on the method reported by Ko et al45. Briefly, for each fluorescence trace, 618 

fluorescence at a given time t (Ft) was normalized as ∆F/F0. F0 is the averaged 619 
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fluorescence value for the initial 10 frames. ∆F = Ft-F0. the fluorescence trace was 620 

smoothed by averaging six-frames (∆Ft/F0 = (∆Ft-2+∆Ft-1+∆Ft+∆Ft+1+∆Ft+2+∆Ft+3 /F0) / 6). 621 

Then, background fluorescence was filtered out from each fluorescence trace by applying 622 

a threshold which was defined as median value of the trace, with an addition of 0.02-0.05 623 

to make it stricter. Next, each background filtered trace was normalized to  ‘0-1’ (with the 624 

maximum ∆F/F0 assigned as ‘1’ and the minimum ∆F/F0 as ‘0’). Pearson’s correlation 625 

between pairs of traces was calculated in Excel (‘Data Analysis> Correlation’) to generate 626 

a correlation matrix containing Pearson’s correlations between all possible trace pairs. To 627 

visualise the correlations, the matrix was imported into R (Rstudio1.3.1093) by applying 628 

the plotting R package igraph (v1.3.2). We used circles to represent the location of ROIs 629 

and lines to represent the Pearson’s correlation between pairs of ROIs. Following the 630 

Ho’s report45, neuron pairs with Pearson’s correlation > 0.1 are defined as correlated. A 631 

blue-to-purple colour scheme was applied to the lines to represent low-to-high values of 632 

the Pearson’s correlations. 633 

 634 

To generate the similarity matrix in Fig. 5j, pre-processing, movement correction and ROI 635 

detection of calcium imaging videos were performed automatically in the default settings 636 

of an open-source toolbox in MATLAB, termed NETCAL (version 8.4.1). Subsequently, 637 

NETCAL extracted fluorescence traces for all ROIs. These traces were then smoothed 638 

and a similarity matrix of all traces was generated by using default settings in NETCAL. 639 

NETCAL automatically arranged the highly correlated ROIs to the top left of the graph, 640 

and the weakly correlated ROIs to the bottom right of the graph. 641 

 642 

Process outgrowth and neuron migration analysis  643 

For printed two-layer tissues. Sectioned two-layer tissues were analysed in ImageJ. The 644 

RFP coverage (Fig. 3f,g) was measured as the ratio of the RFP-labelled area over the 645 

total area of the deep layer, which was defined and quantified by drawing a box covering 646 

the deep-layer region and using the ‘threshold’ and ‘measurement’ tool in ImageJ. 647 

Individual migrating neurons were manually selected by using the ‘cell counter’ plugin in 648 

ImageJ. RFP-labelled neurons with apparent cell bodies and co-localised DAPI staining 649 

falling in the distance range of 200 to 400 µm away from the upper-layer boundary were 650 
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counted as migrated neurons (Fig. 3g). 651 

 652 

For implanted explants. The distance of process outgrowth in the implanted explants was 653 

measured as the farthest distance from the implant that RFP signals could be detected 654 

from single-layer implants and HNCAM signals from two-layer implants. The upper layer 655 

identity in two-layer tissues was confirmed from the extent of RFP expression. In imageJ, 656 

the fluorescence intensities were plotted with ‘profile plots’ and the width of the grey value 657 

decreasing phase was used to represent the outgrowth distance. Individual migrating 658 

neurons were counted by the ‘cell counter’ plugin in imageJ. RFP-labelled neurons with 659 

apparent cell bodies and co-localised DAPI staining falling in the distance range of 200 660 

to 400 µm away from the implant-host boundary were counted as migrating neurons 661 

(Figure 4j,k). 662 

 663 

Microscopy and image processing 664 

Differentiated neurons were imaged using fluorescence confocal microscopes (Leica 665 

LSM780 and Leica SP5) and epi-fluorescent microscopes (Leica DMI 8 and Nikon Eclipse 666 

Ni-E). Printed cortical tissues were imaged using a fluorescence confocal microscope 667 

(Leica LSM780). Implanted explants were imaged using fluorescence confocal 668 

microscopes (Leica LSM780 and LSM980). Images were analysed by using ImageJ 669 

(version 2.1.0/1.54c). 670 

 671 

Statistics 672 

Data in text are presented as mean ± standard error of the mean (S.E.M.). Data in figures 673 

are presented either as mean ± S.E.M. (Fig. 2d,e, Fig. 3g,i, Fig. 4 g,i, Fig. 5b and 674 

Extended Data Fig. 6d) or mean ± Standard Deviation (SD) range (Fig. 5d). For Fig. 2d,e 675 

and Fig. 3g,i, biological replicates n = 3. For Fig. 4k, biological replicates n ≥3. For Fig. 676 

4g, biological replicates n ≥4. For Fig. 4i, biological replicates n ≥5. For Fig. 5b,d, 677 

biological replicates n ≥3. For Fig. 5o, biological replicates n = 3. Statistical analysis was 678 

performed using GraphPad Prism 9. A detailed statistical analysis is listed in 679 

Supplementary Table 4. 680 
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 27 

Fig. 1: Droplet-based 3D bioprinting. a. Overview of the study. Patterned 3D printing of 824 

droplets containing the hiPSC-derived neural progenitors, deep-layer neural progenitors 825 

(DNPs) and upper-layer neural progenitors (UNPs), and extracellular matrix (ECM). The 826 

formation of adhesive DIBs secured the patterned network. The printed cerebral cortical 827 

tissues were cultured in vitro for functional studies and implanted into mouse brain 828 

explants. b. Bright-field images of a single droplet (left) and a pair of droplets connected 829 

through a DIB (right). The droplets consist of solidified ECM. c. and d. Image of a droplet 830 

printed with RFP-labelled DNPs in ECM. e. Side-view of an 8x8x8 printed droplet network 831 

containing DNPs. f. Image of a printed droplet network containing RFP-labelled DNPs. g. 832 

Image of a patterned droplet network containing GFP-labelled 3T3 cells (outer 833 

compartment) and RFP-labelled MDA breast cancer cells (centre compartment). h. Side-834 

view of a printed 16x8x8 droplet network containing two layers (left and right). i. Image of 835 

a printed two-layer droplet network containing RFP-labelled UNPs (left) and unlabelled 836 

DNPs (right). j. Fluorescence image of a section of 'i' (indicated by the dashed box) at 837 

higher magnification. k. Image of a printed 6-layered droplet network resembling the 838 

structure of a cortical column. l, m and n. Images of centimetre-sized droplet networks. 839 

Scale bars: 'b' & 'd', 100 µm; 'f', 'g', 'i' & 'j', 200 µm; 'k', 'l', 'm' & 'n', 1000 µm. 840 
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Fig. 2: Generation of layer-specific neural cells. a. Schematic showing the 843 

differentiation timeline of hiPSCs to DNs and UNs, via the corresponding progenitors: 844 

DNPs and UNPs. Abbreviations: Day in vitro (DIV); Neural Induction Medium (NIM); 845 

Neural Maintenance Medium (NMM), Neural Terminal Medium (NTM); Growth Factors 846 

(GFs). DIV 0-8: hiPSCs induction, committing to a neural ectoderm lineage; DIV 8-19: 847 

neural ectoderm cells differentiating into DNPs; DIV 19-40: DNPs differentiating to UNPs 848 

during extended culture in NMM supplemented with growth factors (FGF-2, EGF and 849 

BDNF). DIV 19-29+ and DIV 40-50+, DNPs and UNPs maturing as DNs and UNs, 850 

respectively.  b. Bright-field images (top row) and immunocytochemistry images (bottom 851 

row) of cells at different stages of differentiation: DIV 0, 31, 50+, correspond to hiPSCs, 852 

NPs and UNs respectively. c. Immunocytochemistry analysis of the young neuron marker 853 

β3-tubulin (labelled with the TUJ1 antibody), the neural stem cell marker (SOX2), middle-854 

upper layer marker (SATB2), upper layer markers (CUX1 and BRN2) and the deep layer 855 

marker (CTIP2) expression in differentiated UNs. See Extended Data Fig.3b for further 856 

immunocytochemistry analysis of DNs. d. Quantification of marker expression in c. (n = 857 

3; one-way ANOVA test.) e. Quantitative RT-PCR analysis of upper layer markers (CUX1, 858 

CUX2 & BRN2), deep layer marker (CTIP2), neurofilament marker (NESTIN) and 859 

neuroectoderm marker (PAX6). Marker expression of indicated cell types related to 860 

hiPSCs. (n = 3; one-way ANOVA test). For 'b' and 'c', scale bar, 50 µm. For both 'd' and 861 

'e', ns = not significant. *, P < 0.05, **, P < 0.01 and ***, P < 0.001.862 
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Fig. 3: Construction of cerebral cortical tissue with deep and upper layers. a. 864 

Timeline for the production and in vitro culture of droplet-printed cortical tissues. Further 865 

details are described in Methods. b. Side view of an ongoing printing process (top), bright-866 

field image of the deep layer cortical tissue after 8 weeks post-printing (WPP) (middle), 867 

and fluorescence immunostaining of sectioned 8 WPP tissue (bottom). c. Fluorescence 868 

images of sectioned 8 WPP deep-layer cortical tissue showing the expression of stem 869 

(SOX2), young neuronal (TUJ1) and layer-specific markers (CUX1, CTIP2 & TBR1). 870 

Scale bars, 100 µm. d. Printing of two-layer cortical tissues. Side view of a printed two-871 

layer cortical tissue (top), and fluorescence images of a sectioned 2 WPP two-layer tissue 872 

(middle and bottom). e. Confocal z-projection image (left) and the magnified image 873 

(middle and right) showing cross-layer process outgrowth and neuron migration in a 874 

printed two-layer tissue at 8 WPP, visualized by RFP (false coloured as fire) expression 875 

in UNs and DAPI nucleus staining in both UN and DNs. Arrow indicates a migrating UN. 876 

Scale bars: left and middle, 500 µm; right, 50 µm. f. Fluorescence images of cortical tissue 877 

sections with cross-layer process outgrowth and cell migration at 2 (left), 4 (middle) and 878 

8 (right) WPP. Dashed circles indicating the deep-layer segment with invading RFP-879 

labelled UNs. Scale bars, 200 µm. g. Quantitative analysis of process outgrowth by RFP 880 

coverage (left and middle), and neuron migration by cell body counting (right), as showed 881 

in 'f' (n = 3, one-way ANOVA test). Field size, 0.1mm2. h. Spatiotemporal 882 

immunofluorescence analysis of general neural and layer-specific marker expression on 883 

sectioned two-layer cortical tissues. Dashed line outlines the layers. i. Quantitative 884 

analysis of marker expression in upper and deep layers of cortical tissues in 'h' (n = 3; 885 

unpaired student t test). ns = not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 886 

Sections thickness: 30 µm. For 'b', 'd' & 'h': scale bars, 500 µm. 887 
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Fig. 4: Implantation of printed single-layer cortical tissue into brain explants. a. 889 

Steps in the implantation process. Step i, bioink prepared from DNPs or/and UNPs with 890 

Matrigel. Step ii, droplet-printing of cortical tissue. Step iii, post-printing culture of the 891 

printed tissue for 1 day. Step iv, preparation of mouse brain slices with a thickness of 300 892 

µm. Step v, brain slices (explants) were kept under condition A or condition B before 893 

implantation. Step vi, creating the brain lesion with a biopsy punch. Step vii, implanting 894 

printed tissue into the lesion of the explant, which was then further incubated. b. 895 

Incubation of the implanted explant and drug treatment. Explants were incubated under 896 

either condition A or condition B for 1 day, followed by treatment with or without DAPT for 897 

4 days. c. Left, tiled fluorescence confocal image of an implanted mouse brain explant at 898 

3 days post implantation (DPIs) under condition B. The implant contained RFP-labelled 899 

DNs. Right, bright field (top), DAPI staining (upper middle), RFP-labelled implanted tissue 900 

(lower middle) and higher magnification view (bottom). The culture media are described 901 

in Methods. d. Confocal image of a representative 1 DPI implanted explant (left) and 902 

confocal fluorescence live images of process outgrowth and neuron migration from an 903 

explant at 1 (top right) and 5 (bottom right) DPI. e. Profile plots of fluorescence intensity 904 

along the white dashed boxes from left to right indicated in 'd'. The vertical dashed lines 905 

indicate the margins of the red fluorescence. f. Confocal images of implant-to-host 906 

process outgrowth and neuron migration at 5 DPIs. The implanted explants were cultured 907 

under the two conditions and with or without DAPT treatment. Dashed lines indicate the 908 

original borders of the implants. g. Quantitative analysis of process outgrowth and neuron 909 

migration distance showed in 'f'. (n ≥4; unpaired student t tests). h. A tiled confocal image 910 

of an explant implanted with deep-layer cortical tissue that had been cultured for 14 days 911 

prior to implantation. The implant is immunostained with the human-specific neural marker, 912 

HNCAM. RFP localisation indicates process outgrowth and neuron migration from the 913 

implanted tissue. i. Quantitative analysis of process outgrowth and neuron migration from 914 

deep-layer cortical tissue cultured for 1 day or 14 days prior to implantation (n ≥ 4; 915 

unpaired student t test). j. Representative confocal images of an explant with DNs at 5 916 

DPI (top), and explants with UNs at 3 DPI (middle) and 5 DPI (bottom), revealing the 917 

migration of RFP-labelled neurons from implanted cortical tissues into the brain explants. 918 

Arrow indicates a migrating human neuron. Scale bar, 50 µm. k. Quantitative analysis of 919 
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neuron migration from implanted cortical tissues into host brain explants (n ≥3; one-way 920 

ANOVA). Field size, 0.1mm2. For 'g', 'i' & 'k': ns = not significant; *, P < 0.05; **, P < 0.01. 921 

For 'c', 'd', 'f' & 'h': scale bars, 500 µm. 922 



 35 

 923 

a

h
A B C

1

2
50

Upper Layer Deep Layer host

NCAM

RFP

100

150

Upper Deep Host

H
N

C
A

M
R

FP

Arbitrary 
Expression

50

100

150

b c d e

DAPI

RFP
HNCAM

5 DPI

Condition B 0 100 200 300 400

0

70

140

210

280

Distance (µm)

NCAM

RFP

0 100 200 300 400
Distance (µm)

0

70

140

210

280
Upper-Deep 

Interface

N
or

m
al

iz
ed

 G
re

y 
V

al
ue

HNCAM
RFP

f g

3 DPI

Condition B

Cortex

RFP HNCAM DAPIRFPBF
DAPI

Merge

ROIs

R
O

Is

1.0
0.8
0.6
0.4
0.2
0

Similarity

Im
pl
an
t

H
os
t

132.9 s 140.1 s 141.9 s 149.6 s

Upper 1 2
3

279.9s 286.3s 288.9s 292.8s

Deep 12
3

250.3 s245.1 s239.9 s

12

3
4

6

4

5

21

3

Host Implant

k

j

nm o

200 240 280
Second

ROI 1

Δ
F/

F

1
ROI 2

ROI 3

ROI 4

Δ
F/

F 0

Time (s)
200 240 280

ROI 1
ROI 2
ROI 3
ROI 4

100 140 180
Second

ROI 1

Δ
F/

F

1
ROI 2

ROI 3

440
240 280 320 360 400 440

Second

ROI 1

Δ
F/

F

1

ROI 2

ROI 3

Δ
F/

F 0

240 340
ROI 1
ROI 2
ROI 3

100 140 180
Second

ROI 1

Δ
F/

F

1
ROI 2

ROI 3

100 140 180
ROI 1
ROI 2
ROI 3

Δ
F/

F 0

Host Implant

1
2

4

3

5 6

0 400 800 1200

1200

Times (s)

0 400 800

R
=0
.2
68
**
**

R
=0
.1
99
**
**

R
=0
.1
11
**
*

R
=0
.1
32
**
**

R
=0
.1
89
**
**

R
=0
.1
95
**
**

R
=0
.2
88
**
**

R
=0
.2
09
**
*

R
=0
.1
13
**
*

Δ
F/

F 0

Implant
Host

ROI 1

ROI 2

ROI 3

ROI 4

ROI 5

ROI 6

Hos
t-H

os
t

Im
pla

nt-
Hos

t

Im
pla

nt-
Im

pla
nt

C
or

re
la

te
d 

P
ai

rs
 (%

)

0

2

4

6

8

Host-
Host

Im
plan

t-H
ost

Im
plan

t-Im
plan

t
0

2

4

6

8

C
or

re
la

te
d 

Pa
irs

 (%
)

R0.1

Host-Host

Implant-Host

Implant-Implant

i

R
=0
.1
37
*

R
=0
.2
05
**
*

R
=0
.2
64
**
**

0 100 200 300 400 500
Second

Δ
F
/F

Implant
Host

Δ
F/

F 0

0 100 200 300 400 500
Second

Δ
F
/F

0 100 200 300 400 500

R
=0
.1
49
**

R
=0
.4
37
**
**

R
=0
.1
39
**

R
=0
.2
46
**
**

R
=0
.2
15
**
**

ROI 1

ROI 2

ROI 3

ROI 4

ROI 5

ROI 6

Times (s)

243.8 s

0.1 0.2 0.3 0.4 >0.5

Pearson’s
Correlation

Implant
Host

80
0

1 3 5

20
0

40
0

60
0

P
ro

ce
ss

 O
ut

gr
ow

th
 D

is
ta

nc
e 

(µ
m

)
0

Upper Layer
Deep Layer

DPIs
1 DPI 3 DPI 5 DPI

0

200

400

600

800

D
is

ta
nc

e 
(µ

m
)

Deep Layer
Upper Layer

✱✱✱✱

✱✱✱✱

✱✱✱

✱✱

ns

ns

ns

ns

ns

ns



 36 

Fig. 5. Functional activity of two-layer cortical tissue and integration with the host 924 

explant. a. Tiled fluorescence confocal image of implanted explant at 3 DPI. Dashed lines 925 

delineate cerebral cortex of the mouse and the implanted tissue. The human specific 926 

neural marker HNCAM labels both layers of the implanted tissue while RFP only labels 927 

the upper layer. b. Quantitative analysis of process outgrowth and neuron migration from 928 

the two-layered tissues into the brain explant on 1, 3 and 5 DPIs (n ≥ 3; ns = not 929 

significant; ***, P < 0.001; ****, P < 0.0001; unpaired student t tests). c. A tiled 930 

fluorescence confocal image of a two-layer implant at 5 DPIs. d. Fluorescence-intensity 931 

profiles showing HNCAM expression in both layers of the printed tissue, while RFP 932 

expression falls off in the deep layer (n ≥ 3) e. Heatmap showing marker expression by 933 

grey value in the upper and deep layers of a tissue implant and in the host at 5 DPI (n ≥ 934 

3). f. Video frames of Fluo-4 live calcium imaging of the implanted explants reveals 935 

spontaneous calcium oscillations (coloured as fire) in individual adjacent cells at 5 DPI. 936 

g. Single-cell Fluo-4 calcium traces. Regions of interest (ROIs) indicated by arrows in 'f'. 937 

h. Fluo-4 calcium imaging of an explant implanted with DNPs only at 5 DPI. Dashed line 938 

shows the interface of the implant and the host (see Supplementary Fig. 7a). i. Correlated 939 

single-cell calcium traces between implant and the host explant, colour-coded according 940 

to their ROIs as indicated in 'h'. Scale bar: ΔF/F0 = 0.8. j. Similarity matrix showing 941 

communities of neurons with correlated firing patterns. Dashed boxes show neurons that 942 

tend to activate together. Colour indicates normalized correlation. k. Fluo-4 images of an 943 

explant implanted with UNPs only at 5 DPI. The dashed line shows the interface between 944 

the implant and the host (see Supplementary Fig. 7d). m. Correlated neuron pairs within 945 

'k', between the implant and the host at 5 DPI by network analysis. Points representing 946 

neurons and the lines between them indicate correlated calcium signals. n. Single-cell 947 

calcium traces, colour-coded ROIs as indicated in 'k'. Scale bar: ΔF/F0 = 0.05. o. 948 

Quantitative analysis of the correlated cell pairs within the host, within the implant and 949 

between the host and the implant. Signal pairs with Pearson’s correlations over 0.1 are 950 

counted (n = 3). Slice thickness: 300 µm. For 'a', 'c', 'h' and 'k':  scale bars, 200 µm. For 951 

'i' & 'n'. Pearson’s correlation: *, P<0.05, **, P<0.01 ***, P < 0.001 and ****, P < 0.0001. 952 


