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Lay Abstract 

 

Drug development is a complex and expensive process, often hindered by a high failure rate in 

clinical trials. This failure is partly due to the inadequacy of current predictive models in the early 

stages of development. To address this, researchers are turning to innovative microphysiological 

systems known as Organ-on-a-Chip, which mimic organ structure and functions in the lab. 

However, these systems have been limited in their use due to low throughput. To overcome this 

limitation, microphysiological systems in multi-well formats called the IFlowPlate and AngioPlate 

were developed through the works outlined in this thesis. These platforms are designed to be high-

throughput, scalable, user-friendly, and are compatible with existing technologies, such as 

microplate readers, high-content imaging systems and robotic liquid handlers, making them 

accessible to a wide range of researchers. By combining the physiological relevance of 

microphysiological systems with the high-throughput capabilities, these platforms aim to 

transform the way we study diseases and test drugs.  
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Abstract 

The drug development process is lengthy and expensive, with a 90% failure rate among drugs 

entering clinical trials due to the inadequacy of predictive models in the initial phases of drug 

development. To overcome these limitations, there is a paradigm shift towards developing micro 

physiological systems often referred as Organ-on-a-Chip that have be shown to recapitulate organ 

level functions in vitro. However, despite their promise, these systems often have limited 

throughput, restricting their widespread use in the drug development process. The work outlined 

in this thesis aims to bridge this gap by integrating the physiological relevance offered by micro 

physiological systems with the high throughput capabilities of traditional 2D multi-well plate 

cultures. 

 

 The thesis outlines the development of two novel micro physiological systems, engineered in a 

high throughput multi-well format called the IFlowPlate and AngioPlate. Both the platforms have 

an open-top design and unlike tradition microphysiological platforms does not need complex pump 

systems and have built-in connections to achieve perfusion making it more scalable and user-

friendly. The IFlowPlate leverages the self-assembly capability of endothelial cells to create a 

perfusable vascular network. This platform technology was utilized in this work to achieve 

intravascular perfusion of colon organoids for the first time and demonstrated immune cell 

circulation and recruitment in response to injury.  

 

AngioPlate, the other platform that was developed as a part of this work, utilizes a pre-patterned 

scaffold completely embedded in native hydrogel matrix to guide cells in forming organ-specific 

geometries and tubular structures using a novel subtractive manufacturing technique. This 



 vi 

platform allowed for fabricating complex and intricate networks to model vascularized terminal 

lung alveoli and renal proximal tubules. This work demonstrated for the first time that highly 

complex perfusable tissues embedded in hydrogel can be integrated with multi-well plates to 

mimic tissue specific structures and interfaces without the use of synthetic membranes or plastic 

channels. The built-in perfusion channel and the flexible hydrogel matrix allowed for the terminal 

lung alveoli model to be mechanically actuated to mimic breathing motions. The renal proximal 

tubule model was used to mimic glucose reabsorption in kidney and model renal inflammation.  

 

The latter part of this work focusses on further improving this platform to increase platform 

robustness and to allow for incorporating supporting cells such as fibroblasts into the hydrogel 

matrix. This allowed us to model tubular injuries in kidney such as cisplatin induced -

nephrotoxicity and TGF- β1 induced- tubulointerstitial fibrosis. Furthermore this work also 

describes the development of a high-throughput TEER meter that can be integrated with the 

AngioPlate platform allowing for rapid, non-invasive measurement of renal epithelial barrier 

integrity.  

 

Given that both platforms are designed in a 384-well plate format, they are high throughput and 

compatible with existing technologies like high-content imaging systems, robotic liquid handling 

systems, and microplate readers allowing for widespread adoption across diverse research settings. 

It is anticipated that the contributions described in this work will significantly advance our 

understanding of disease propagation and accelerate drug development process.  
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cģÄîxh 

 

Udé Qęb Wębqėç egaĘ½ģ í»xmĚ ÀhÁĚìě cģÄîě [jęé ¾xdĘéĚ 

eqĝĒ¶wiģ. cqģ Qxb Uóéx[ÂĞ, Udé mqĠĒx[Âģ Qęb OĘ½gqgě, O½Ğ 

U½ĝv[qė` ]mqĞ[òě [ė  ̀vmĢÄ[òě, bĢweqé í»mx`¶ié Uģeé Xï 

jĖ¸gĘxb UĖ»ÈĖ`é weqģi SaĝmÆĒ¶ié. Qęb íxdmĝ eĖ`Ěe»Ěxe í»Ęb 

]qbxd Uģëx`gé fĖçfĞj; Udé QĚegaĘ½Ğ Uģxd TĒâÈĘé, ej mx[Âñě 

PbÃĘb UėaĢi f¿bĝ[Æģ õĖç ígĢ¸Âģ Xï ]qģiqâě Qé. 

 

íbĢ[ė, Udé fdfqĝęb cģÄxg Uģ âçěeĘbqĝĒâ - Uģ bqgqĝ jĨÁ, Uģ bęxb 

hq^w][ĝ, Uģ ]w[qbÃ äĚÃbq fĢðě Omġ [amĝ O^Ĝ, fĢðě Udé xfĘédĝ 

ÈĦèôĒâ SÃĘbqĒâ¶wiģ. ämqh¸gě ¾xięb, PdqĞ [»dfqd Udé QĚegaĘxbĒ 

[`ęéĔ v]Ğj Sē[ġ Oxdmhé mĢiqb Pbhwm UdĒâ Tģðw[qjq[ Qïę½ïĒ¶ié. 

Oěfq, cqģ bkĝębweqvbĞjqě, Uģ×é Ôē[ġ v[qė ̀Sð½gqd cěÀĒx[ UdĒâ 

mÇ[qĖçě XÆgq[ôě, UçĘé xmĒâě Xğvmqï O»Âģ Àģ¿ïĒâě ]Ē½gq[ôě 

Qïęé Qęb Sgĝ ¾xjxg Ox`gĔ v]Ĝéġké. Udé fqÁgqĝ emq¿ fĢðě fqfdqĝ 

ämqÁcqbģ Omĝ[òĒâ, Uģ wehqĝmĘ½Ğ Ôē[ġ v[qė ̀cěÀĒx[Ēâě, Sē[ġ vbq`ĝ 

TĒ[ĘéĒâě cqģ Skfqĝęb cģÄxgĘ vbÃÈĒ¶wiģ. Sē[ġ Xğvmqïmhé Pbhôě 

Udé egaĘxbĔ Îhq[ m»mxfĘ½ïĒ¶ié; Uģ×é Ôē[ġ xmĘéġk cěÀĒx[Ēâ cqģ 

Uģviģðě [`xfĚeĖ»ïĒ¶wiģ. 

 

Uģ PĂÂĝ [amĝ ]ęéïôĒâ, Udé Qęb vc»g egaĘ½Ğ Á[ôě Sðéxagq[ 

Qïę½ïĒ¶Úĝ[ġ. Sē[Æģ OkmĢi Pbhôě, TĒ[íě Uģxd íģd`Ę½Ĕ v]ģð ì½g 

Sghē[xk UĖ  ̀xmĘéġké. Uģ mqĠÈĞ Sē[ġ éxagqdé UģdqĞ Uxbîě ]q½Ē[ 

í»îě Uģexb ¾xdćĖ»Ēv[qėw` QïĒ¶ģié. [x`¸gq[, Uģ v]Ğj cqĜĒâĖ» 

wfqwfqôĒâ, cqģ vmâwchě ÈÇĘ½ïęé wmxj v]ĜîěweqvbĞjqě Ô Uģë`wdwg 

QïębbĢâ SdĒâě cģÄ v]qĞ¶wiģ. Ô Uģ [qj»ÂĞ eçĘ½ïęb weqéě ]Ã, Uģë`ģ 

[qjqi c`ęb weqéě ]Ã, Uģ Oï¶Ğ Ô Qïębé UdĒâ Oxf½îě SĘwm[íě OÆĘbé. 
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Sģëx`g ÈxkgqĖçĘ bdíě, Ô Oģxe vmÆĚeçĘéě Èbíě, Uģ w]qĝxm fięé 

cqģ ]mqĞ[xk U½ĝv[qėç vmĞj Xï fqĝĒ[fq[ Oxfębé. Udé e»ĚìĔ ]qĝęéě, Oé 

]qhqfñě QïĒâě Uģ Oïxf cėeĝ[òĒâ - PhqĜĔ¸Ēâě PĜm[Ę½Ģâě OĚeqĞ 

gbqĝĘb mqĠĒx[ Xģð QïĒ¶ié Uģexb Ôē[ġ UdĒâ ¾xdćĖ»Ēv[qėw` 

QïębbĢâ cģÄ. Uģ veqé mqĠxmîě, PhqĜĔ¸Ě e»Ěxeîě ]f¾xjÂĞ UçĘéĔ 

v]ģð íģwdĢiě [qa Sē[ké cĖìě, Pbhôě Udé veïě ]Ē½gq[ Oxfębé. 

 

Udé wfĢeqĝxmgqkhqd íxdmĝ ^qē Omĝ[òĒâ, Sē[òx`g QxagĢi 

mÇ[qĖçbñĒâ cqģ Á[ôě cģÄîġkmkq[ QïĒ¶wiģ. PhqĜĔ¸Ě eĖ`Ěe»ĚÀĞ íó 

vmĢÄvei, cqě PhqĜĔ¸ v]ĜgĘ wbĝęvbçĒâě ½Ė`ĘxbÈ` ]Ãgqd 

wfĢeqĝxmgqkxhĘ wbĝęvbçĚewb Á[ íĒ¶gě Uģeqĝ[ġ. Oğmx[ÂĞ, bē[xk Uģ 

wfĢeqĝxmgqkhq[ (mÇ[qĖ»gq[) veĢié Uģ eqĒ¶gě. Uģ ½ixf×éě, Uģ 

PhqĜĔ¸Ē[Ěeqñě UģdqĞ ]q½Ē[ í»îě Uģð Uģ×é Ôē[ġ v[qė ̀OÓb cěÀĒx[îě 

Udé QębĚ PhqĜĔ¸Ě e»Ěì íóxfvei íĒ¶g eēâ m¶Ęéġké. Uģ e»ĚÀñě ]Ã, 

cĞmqĠÈñě ]Ã, Qhė»ñě cqģ íģwdi wmėçě Uģð bqē[ġ [qĖ»g 

OĒ[xigqdé bqē[ġ Xï mÇ[qĖ» fĖçfĞj, ObĢâě wfĞ Xï ̧ ięb f¿bĝ Uģð 

Sgĝęé ¾Ģ¶Úĝ[ġ. Sē[ġ cĞmÇĒ[qĖçbÅģ ÌĠ [ĢðĒv[qġkôě, vfěwfñě mkhôě 

mqĜĚeÆĘbbĢâ Uģ fdě[¿ęb cģÄxgĘ vbÃÈĘéĒv[qġ¶wiģ. 

 

Udé íxdmĝ eĖ`Ěe»ĚÀģ âó SðĚÀdĝ[kqd f½ĚÀĢâÃg íxdmĝ w[qĦ fĢðě 

íxdmĝ Ëwhq`q P¶wgqïĒâ, Sē[Æģ mÇ[qĖçbĞ Udé PhqĜĔ¸Ě eĖ`Ěe»Ěxe 

m»mxfĘé, O½Ğ Sġk êèĒ[ē[xk OÄęév[qėç cěÀĒx[î`ģ íģwdi SbÈgé. 

bē[òx`g PĠĘ½iëě, bqē[ġ UdĒâ OÆĘb Pbhôě Udé QĚegaĘ½ģ vmĢÄÂĞ 

íĒ¶g eēâveïě. wfñě, Udé QĚe»ĚÀĞ S`ģ eg¼Ęb Pdq, v]ĝ¶, fĢðě 

OvjĒĤ P¶wgqÃģ QxagĢi PĢiñĒâě, PbhôĒâě Udé Skě¾xięb cģÄxgĘ 

vbÃÈĒ¶wiģ. Udé Sgĝ¾xjĚ eġÆ P¸Ãxg ½ïf½ PnqôĒâ fdfqĝęb cģÄxgĘ 

vbÃÈĘéĒv[qġ¶wiģ. OmïĒâ SÂĝ wm½ÂgÅĞ Qïęb Pĝmě Uģxd RĝĘé, cqģ 

Qkē[xjÂĞ SÂÃĘ vbqÇĞêĖeÈgĞ eÂjĘ üė»gé. Udé Qkē[xjĚ 
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wehq¸Ãgĝ[òĒâě Udé cģÄxg Qēw[ vbÃÈĘéĒv[qġ¶wiģ. íbÅĞ, íxdmĝ 

âïcqbģ fĢðě íxdmĝ hqfĀĝĘ½ P¶wgqïĒâ ï Qkē[xj eĖ`Ěe»ĚÀģweqé 

PĜmÄĒx[ Xģð ]fĝĚÀĒ[Ę wbxmgqd PhqĜĔ¸ÂĞ RçeçmbĢ[qd TĒ[íě mqĜĚìě 

bqē[ġ UdĒâ OÆĘbbdqĞ ÀģdqÆĞ íóéě PhqĜĔ¸ÂĞ eĖ`Ěe»Ěì wfĢv[qġòě 

PĝmĘxb Uģëġ üė»gé. wfñě, SÂÃĘ vbqÇĞêĖeÈgÅĞ (biotechnology) Udé 

PĝmĘxb mkĝĘéĒv[qçĘb wehq¸Ãgĝ[ġ íxdmĝ Pdębhqħ, íxdmĝ [qĝĘ½Ē, 

íxdmĝ whè[q, íxdmĝ Ďâfqĝ, fĢðě íxdmĝ UĞoq P¶wgqïĒâě Udé 

cģÄxg SÃĘbqĒâ¶wiģ. bē[Æģ Îhqd mÇĒ[qĖ`ñě, mÇc`Ębñě Udé [ĞÈĚ 

egaĘ½Ğ Yĝ Sgĝęb QjĒx[ Ox`gĔ v]Ĝéġké. 

 

Qēâ ([d`q cqĖ»Ğ), vfĒfqĤ`ĝ eĞ[xjĒ[l[Ę½ģ wm½ÂgĞ veqÄÂgĞ ÀÃÈĞ 

e¼ v]Ĝîě SðĚÀdĝ OxdmïĒâě Udé fdfqĝęb cģÄxgĘ vbÃÈĒ¶wiģ; 

âÄĚeq[, ¶ÄĤ»dq, ÁwnĞ, jqhq, xfĒw[Ğ, w`qĒ, fĢðě »ě P¶wgqïĒâ. wm½ÂgĞ 

veqÄÂgĞ ÀÃô ̧ iĚeq[ cx`ĚveðmbĢ[qd Omĝ[ké Oghqb ígĢ¸Ē[q[ôě, Udé 

íxdmĝ eĖ`Ěe»ĚÀĞ Omĝ[òx`g vbq`ĝ SbÈĒ[q[ôě ×ėçě cģÄ õð¶wiģ. 

Uē[ġ PĜôĚ ÀÃÈģ PhqĜĔ¸ĒâĘ wbxmgqd Se[haĘxb m»mxfĘé, OxfĘéĒ 

v[qçĚe½Ğ ̂Ĥ»¿ģ eēâ UçĘéĒõi wmė»g Xģð. Omïx`g ½ixfîě, Pbhôě, 

XĘéxlĚìě QĞxjvg¿Ğ Uē[ġ ÀÃÈģ ej PĜô[ġ íóxf veĢÄïĒ[qé. 

 

Udé PhqĜĔ¸Ę ½Ė`ē[òĒâ, [d`qÈģ eĖ`bqÃ SbÈĘvbqx[xg [d`q cqĖ»ģ 

QgĢx[ OÄÈgĞ fĢðě veqÄÂgĞ PhqĜĔ¸ [ôģ¸Ğ mlē¶gé. OwbĚweqj, eĖ`bqÃ 

PhqĜĔ¸ SbÈĘvbqx[xg cqģ eÂñě eĞ[xjĒ[l[Ę½ģ wm½ÂgĞ veqÄÂgĞ éxi 

mlē¶gé. Qęb Qï OxfĚìě UdĒâĘ bqhqkfq[ SbÈĘ vbqx[ v[qçĘbbĢâ cqģ 

Uģðě [`xfĚeĖ»ïĒ¶wiģ. Oęb ¾½ SbÈ[ġ UdĒâ ¾½ eĢiqĒâxi QĞjqfĞ 

eqĝĘéĒv[qėç OÄÈgĞ PhqĜĔ¸ÂĞ íó [mdĘxbîě v]ñĘb UdĒâ SbÈgé. 

»Ĥ¿ ¾ðmdě bgqÃĘb. ñÀgqėĖ QģNÀ¿Ė»: eĤħ OėĖ ½ ̂ ĝ¿ ç xjĖÂgĝò 

Uģi PmaĚe`ě Udé PĜôxhĒ[qd bxjĚxeĘ wbĝęvbçĒ[ SbÈgbqĞ 

Oę¾ðmdĘéĒâě Udé cģÄxgĘ vbÃÈĒ¶wiģ. 



 xiii  

bqĜvfqÇ Pē¶jě OĞjqb UdĒâ PĜmÄĒx[xg Pē¶jĘ½Ğ Îhq[ OxfĒ[ SbÈg 

ChatGPT Uģi v]gĢx[ êėaÄô vfģveqïòĒâě Udé cģÄxgĘ vbÃÈĒ¶wiģ. 

 

vfĒfqĤ`ĝ eĞ[xjĒ[l[Ę½ģ Qkē[xj fqamĝ[kqd VÁ, OvjĒĤ fĢðě Ågqģ 

P¶wgqĝ Udé PhqĜĔ¸ÂĞ SbÈ v]Ĝb íbĞ fqamĒâó. Ôē[ġ PhqĜĔ¸ÂĞ 

Sbôěweqé, O½Ğ Sġk êĖeē[xk Sē[òĒâĚ eÂĢ ̧v[qçĒ[ í»ębbqĞ, cqģ Sē[ġ 

e»ĚìĔ ]qĝęé Xï íģwdq»gq[, mÇĒ[qĖ»gq[ íģwdi í»ębé. Sē[Æģ 

Èxjf½ĚeĢi eē[ÆĚì[òĒâ Udé fdfqĝęb cģÄxgĘ vbÃÈĘéĒv[qġ¶wiģ. 

[x`¸gq[, À^qē PĜm[Ę½Ğ Sġk Uģ Oïxf cėeĝ[òĒâ, Sē[ġ Oghqb Pbhôě 

wbqlxfîě UdĒâ QĚegaĘ½Ğ eĒ[ejfq[ Qïęé Uģxd wfñě TĒâÈĘbé. cqě 

w]ĝęé ¸ÃĘé f¶ĠębéíbĞ ½Ñĝ ]mqĞ[xk U½ĝĒv[qė` ]ębĝĚeē[ġmxh 

Xğvmqģðě Udé [ĞÈ QjĒx[ UĖ  ̀Uģxd íģwdqĒ¶ c`Ę½Ĕ v]ģié. 

 

Udé [ĞÈĚ egaĘ½Ğ Uģë`ģ Qïęb Sē[ġ Xğvmqïmxhîě b¿ĚeĖçĒ 

õií»gqfĞ weqÂïębqñě, Sē[ġ Oxdmhé XĘéxlĚìĒâě Udé PĠęb cģÄxgĘ 

vbÃÈĘéĒv[qġ¶wiģ. cqģ íxdmĝ eĖ`ě veðmbĢâ Sē[ġ ejÃģ Pbhôě O½Ğ 

Sġké; ObĢâ cqģ Uģviģðě cģÄîġkmkq[ QïĚweģ. 
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1. Introduction 

1.1. Traditional preclinical models 

Drug development, is a lengthy and expensive process with a 90% failure rate in the later stages 

of clinical trials majority of which can be attributed to the inability of early preclinical models to 

accurately predict drug responses. For instance, 20% of the drugs fail in clinical trials due to renal 

toxicity, however only 2% of this failure is detected in preclinical models indicating a need for 

better predictive models1. The most commonly used preclinical models are the two-dimensional 

(2D) cell culture and animal models. In a 2D cell culture, human cells are grown as a monolayer 

on a plastic substrate. Because of this cellular environment, cells typically assume a flat and 

elongated shape due to their growth and expansion being confined to a single plane. This 

characteristic however differs from the more complex three-dimensional structures cells adopt in 

vivo, potentially influencing their behavior and interactions2. Moreover, the absence of fluid flow, 

limited cell-cell interactions, and constrained cell-matrix interactions in 2D models result in the 

exclusion of crucial biochemical and mechanical cues that are essential drivers of tissue and organ-

level functions3. In vivo, these interactions play fundamental roles in orchestrating cellular 

behaviors, regulating gene expression, and maintaining tissue homeostasis4. By failing to 

adequately replicate the dynamic interactions present in physiological systems, these models fall 

short of capturing the intricacies of human biology accurately. Despite these limitations, 2D cell 

cultures remain appealing due to their ease of use, high throughput, and cost-effectiveness, 

rendering them suitable for conducting large-scale experiments and screening assays. Animal 

models are often used in scientific research because they offer a way to study complex biological 

processes and test hypotheses in a living system before moving on to human trials. However, it's 

crucial to recognize the limitations and differences between animal models and humans. While 
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animals share biological similarities with humans, there are also significant differences in anatomy, 

physiology, genetics, and even behavior. Unlike humans, rodents are highly inbred. This genetic 

uniformity limits the diversity of genetic variations found in human populations, potentially 

hindering the translational relevance of research findings5. Additionally, conventional rodent 

models do not exhibit menstruation, a critical aspect of female physiology6. This lack of menstrual 

cycles diminishes their suitability for accurately representing female-specific responses in 

preclinical research. These differences can affect how a drug behaves in the body, how a disease 

progresses, or how the immune system responds. For example, one of the most widely used model 

for inhalation toxicology studies are rodents7. However, human and rodent lungs have several 

structural and functional differences8. Rodents have a single-branched respiratory system with 

fewer bronchioles compared to the symmetrical branching seen in humans. This leads to a 

concentration of compound deposition primarily at the branching points in human lungs, a 

characteristic that cannot be replicated in rodent models. Moreover, rodents are obligate nasal 

breathers, meaning they can breathe only through nose, while humans can breathe through both 

nose and mouth. This variance significantly impacts how inhaled particles and gases are distributed 

within the respiratory tract and subsequently affects the observed toxicities. For instance, oral 

breathing in humans entails less filtration of particles and gases compared to nasal breathing, 

leading to a higher delivery of substances to the peripheral airways in humans than in rodents. 

Additionally, rodents have limited pulmonary circulation compared to humans, which affects 

immune cell adhesion, migration and their response to inflammation9. These structural and 

functional differences between humans and rodents limit the translatability of findings from rodent 

studies to humans. An example of this is the clinical trial of N-acetylcysteine for treating idiopathic 

pulmonary fibrosis (IPF)10. Although successful in rodent models of bleomycin-induced fibrosis, 
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it took 23 years to discover its failure to translate to humans. This highlights the need for better 

preclinical models that allows us to predict failures in the early phases of drug development 

process. Acknowledging this translational gap, the FDA had recently announced The FDA 

Modernization Act 2.0, which facilitates the adoption of alternative preclinical models like 

microphysiological systems, thereby decreasing dependence on 2D and animal models that often 

result in therapeutic dead-ends11. 

 

1.2. Micro physiological systems and its design considerations 

Microphysiological systems (MPS), also known as organ-on-a-chip, are platforms designed to 

recapitulate the biological complexity of human organs at a miniature scale. These systems 

integrate living cells from specific tissues or organs onto microfabricated chips, creating 

microenvironments that replicate the physiological conditions of the human body12. The goal of 

MPS is to provide a more accurate representation of human biology compared to conventional cell 

culture models or animal models. By recreating the microenvironment of organs, MPS can 

simulate complex biological processes, including cell-cell interactions, tissue architectures, and 

responses to drugs or pathogens. Some important considerations when designing  

microphysiological systems include the selection of biological elements to incorporate, fabrication 

methods, and desired operational features. In this chapter, we will delve into each of these aspects 

in detail. 

 

1.2.1. Selection of biological elements 

1.2.1.1. Vasculature 
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Vasculature is the intricate network of blood vessels varying in sizes and architecture responsible 

for transporting vital nutrients, oxygen, and signaling molecules to tissues and organs, thereby 

sustaining their metabolic activities and ensuring their proper function13. Integral to mimicking 

vascular landscape in microphysiological systems are the endothelial cells, which form the inner 

lining of blood vessels in our body. Beyond mere replication of vascular architecture, the 

maintenance of endothelial barrier function within microphysiological systems is crucial, as it 

dictates the selective passage of molecules and cells between the bloodstream and surrounding 

tissues, enabling the study of drug transport, tissue permeability, and immune cell trafficking14,15 

(Figure 1a). Incorporation of vasculature in microphysiological systems allows us to better 

understand the interactions between vasculature and surrounding cells such as epithelial, 

fibroblasts, immune cells etc. all of which plays a critical role in maintaining metabolism, tissue 

homeostasis and regeneration16-18. Moreover, the integration of vasculature within 

microphysiological systems allow for long-term culture and maturation of tissues enhancing their 

resemblance to native tissues19. In the case of multi-organ microphysiological platforms, the 

vasculature is crucial for facilitating communication and crosstalk between different organ 

modules20. By linking vascular networks between organ compartments, researchers were able to 

simulate systemic circulation and explore organ-organ interactions, metabolic pathways, and drug 

metabolism in a more holistic manner21,22. Thus, through faithful replication and strategic 

integration, the vasculature within microphysiological systems act not only as a conduit for 

nutrient transport but also help unlock the complexities of human biology, disease pathogenesis, 

and therapeutic interventions. 

 

1.2.1.2. Fluid Flow 
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An important feature of microphysiological systems is the incorporation of fluid flow. Fluid flow 

plays a pivotal role in maintaining tissue homeostasis and regulating cellular behavior within the 

body23. By integrating fluid flow into microphysiological systems, researchers can replicate the 

dynamic microenvironment of living tissues more accurately24. In physiological settings, organs 

are constantly subjected to various forms of fluid flow, including blood circulation, lymphatic 

drainage, and interstitial flow (Figure 1b). The fluid shear stress due to the friction caused by 

moving fluid against the cell surfaces have been shown to impact both their structure and 

functions25. Microphysiological systems have allowed us to induce these shear-stress dependent 

changes to mimic physiological cellular behaviour. For instance, renal proximal tubule cells 

exposed to luminal fluid flow have enhanced cellular polarization, expression of key transporters, 

primary cilia, and microvilli which are all crucial for kidney function26,27. In the presence of fluid 

flow, endothelial cells have been shown to elongate and uniformly align in the direction of flow28. 

With its micrometer-scale channels, microphysiological systems also enables the replication of 

laminar flow patterns, which are commonly encountered in various tissues and organs29. In 

addition to perfusion, which refers to the fluid flow through the tissue lumen, cells in vivo also 

encounter interstitial flow. Interstitial flow is the movement of fluid through the extracellular 

matrix surrounding the tissues29. Microphysiological systems have been previously used to 

demonstrate how interstitial flow modulates cell-matrix interactions. Interstitial flow has been 

shown to play a key role in angiogenesis, the process of formation of new blood vessels30. While 

self-organization of endothelial cells into microvascular network was enhanced in the presence of 

interstitial flow, however angiogenic sprouting was observed only in the direction opposite to the 

flow indicating that both the presence and direction of interstitial flow are crucial for angiogenesis. 

Moreover, interstitial flow along with luminal flow have been shown to promote diseases such as 
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cancer by enhancing cancer cell extravasation and migration providing insights on the effects of 

flow in cancer metastasis31,32. These findings highlight the need for incorporating both luminal and 

interstitial flow to better recapitulate native tissue architecture and function.  

1.2.1.3. Extracellular matrix  

Incorporating extracellular matrices (ECMs) into microphysiological systems is important for 

creating physiologically relevant cellular microenvironment for tissues and organs. ECMs serve 

as the structural framework of tissues in the body, providing essential support and biochemical 

cues33 (Figure 1c). ECM is comprised of two structural components: Basement membrane and 

Interstitial matrix. Basement membranes are thin sheets of glycoproteins lining the basal side of 

the epithelial and endothelial cells. Interstitial matrix consists of supporting cells such as 

fibroblasts that play a vital role in maintaining connective tissue34. ECMs are predominantly made 

of collagens, laminin, fibronectins and elastin. ECMs contribute to the mechanical properties of 

tissues, including stiffness and elasticity. The composition of ECM is tailored to meet the needs of 

organ-specific structure and function. For example, in the lung, collagen with its high tensile 

strength and low elasticity, provides for stable lung tissue architecture while elastin, with its low 

tensile strength and high elasticity, provides for lung compliance and elastic recoil35. Cells interact 

with ECM proteins through integrin receptors, influencing various cellular processes such as 

adhesion, proliferation, migration, differentiation, and apoptosis36. ECMs also binds and regulates 

soluble growth factors37. These biochemical and mechanical cues play crucial roles in cell behavior 

and tissue function. By integrating ECMs with microphysiological platforms, researchers were 

able to mimic the mechanical microenvironment of specific tissues, studying how mechanical 

forces influence cellular responses. Many pathophysiological conditions are characterized by 

alterations in ECM composition and organization38-40. For instance, in the case of pulmonary 
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fibrosis, increase in collagen deposition and ECM stiffness results in reduced gas exchange due to 

decreased elasticity of alveoli41. Incorporation of ECMs with microphysiological systems allows 

us to capture these dynamic effects of ECM in both health and diseased conditions.  

 

1.2.1.4. Mechanical stimulation  

Mechanical cues play a crucial role in regulating cellular function through a process called 

mechanotransduction, where cells convert mechanical cues into biochemical stimuli that regulate 

cell behavior29. Hence, incorporating the appropriate mechanical cues for the specific tissue being 

modeled is key when mimicking physiological conditions in in vitro models42. Apart from the 

mechanical cues discussed in previous sections, such as fluid shear stress, interstitial flow, matrix 

stiffness, depending on organ function, cells also experience tensile forces resulting in cyclic 

stretch or strain43. Microphysiological systems have been leveraged previously to mimic these cues 

in different organs. For example, by mimicking the cyclic stretching of alveoli during breathing in 

a lung-on-a-chip device, researchers found that mechanical strain increases inflammatory 

responses to silica nanoparticles leading to pulmonary inflammation44 (Figure 1d). Using the same 

device, it was reported that in non-small cell lung cancer, cyclic stretch slowed down the 

progression of cancer while also making them more resistant to tyrosine kinase inhibitors similar 

to clinical observations in patients45. Using a similar technique, cyclic strain have been used to 

mimic peristaltic motions in the intestine resulting in the formation of intestinal folds with 

differentiated cells mimicking human intestinal architecture and function46. These findings 

together highlight the translational ability of microphysiological systems to incorporate crucial 

physiological mechanical cues to accurately mimic cellular function and response to treatments. 
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1.2.1.5. Cell type heterogeneity 

In human body, various cell types work together, each contributing uniquely to tissue and organ-

level functions. Consider the lung, for instance, the primary function is gas exchange, facilitated 

by alveolar epithelial cells47 (Figure 1e). These cells form the thin barrier across which oxygen 

from the air diffuses into the bloodstream, while carbon dioxide moves in the opposite direction. 

Supporting this function are other cell types such as endothelial cells lining the pulmonary 

capillaries, interstitial cells such as fibroblasts all of which ensure efficient gas exchange. In the 

kidney, proximal tubules play a crucial role in reabsorbing water, electrolytes, and nutrients from 

the glomerular filtrate48. Epithelial cells lining the proximal tubules have specialized microvilli 

and primary cilia for efficient absorption. These cells actively transport ions, glucose, amino acids, 

and other solutes from the tubular lumen back into the blood vessels lined by endothelial cells, 

ensuring the retention of essential substances while allowing waste products to be excreted in the 

urine. Additionally, interstitial cells surrounding the proximal tubules provide structural support 

and participate in signaling pathways that regulate kidney function. The cross-talk and cellular 

interactions between these cells and their microenvironment contribute to the overall integrity and 

function of the organ. While incorporation of all cell types might be challenging, it is however 

important to incorporate appropriate cell types to understand disease mechanisms and it’s 

treatments49. Microphysiological systems have been leveraged to successfully model these crucial 

cell-cell interactions across various organs17,18,50. For instance, the presence of stromal cells such 

as pericytes or fibroblasts have been shown to stabilize vascular networks30,51. The incorporation 

of vascular interface with alveoli epithelium, allowed researchers to capture neutrophil infiltration 



 10 

in inflammation44. These findings show the importance of incorporating different cell types in 

microphysiological systems.  

1.2.2. Approaches for biofabricating perfusable tissues 

1.2.2.1. Soft lithography  

Soft lithography stands as a cornerstone in fabricating microphysiological systems, offering a 

versatile and cost-effective approach to constructing intricate microstructures vital for mimicking 

the complexities of human organs. This technique encompasses various methods like replica 

molding, capillary molding, and microcontact printing, each contributing to the precise replication 

of desired microstructure. Utilizing soft lithography, researchers can harness biocompatible 

polymers such as polydimethylsiloxane (PDMS), renowned for their optical transparency, 

flexibility, and ease of fabrication, to create MPS52. One of the most notable microphysiological 

systems, Lung-on-a-Chip, using this technique recapitulated breathing motions of lung alveoli44. 

This device consists of  two microchannels separated by a thin, flexible and porous ECM coated 

PDMS membrane (Figure 1f). The device has a vascular and epithelial compartments with PDMS 

membrane in between acting as the alveolar-capillary barrier. To mimic breathing motions, the 

PDMS membrane was stretched by applying vacuum on the sides of the channels. Moreover, air-

liquid interface was established with alveolar cells exposed to air and endothelial cells exposed to 

fluid flow which was achieved by using external pumps. These features highlight the capabilities 

of microphysiological systems to recapitulate critical biological parameters for mimicking organ 

functions. Using this compartmentalized approach, several organ-on-chip models have been 

developed for organs such as kidney, gut, placenta. While these organ-on-a-chip systems have 

made significant strides in recapitulating key organ functions, they lack the intricate 3D tubular 

geometry inherent to many organs as cells are cultured as a monolayer on an ECM coated-PDMS 
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membrane. Despite efforts to enhance cell attachment by coating PDMS membranes with ECM 

solutions, the synthetic nature of PDMS restricts cells from interacting with the matrix, limiting 

their ability to simulate crucial microenvironmental cues in both normal and pathological states. 

Moreover, PDMS has been found to absorb small molecules like drugs and growth factors, 

potentially interfering with the experimental readouts on the platform53. Furthermore, the limited 

throughput and scalability of these devices pose additional challenges in their widespread adoption 

in high-throughput screening and large-scale drug discovery efforts. Despite these challenges, soft 

lithography allows for precise control over shape, size and location of the channels thereby 

allowing for better controllability and reproducibility. 

 

1.2.2.2. Self-assembly  

Self-assembly based biofabrication approaches is driven by the remarkable inherent abilities of 

cells to organize themselves into complex structures and tissues54 (Figure 1g). By providing the 

necessary environment and stimuli, researchers can harness these natural biological processes to 

create intricate biological constructs without the need for extensive external manipulation. 

Endothelial cells are capable of self-assembling into a stable microvascular network in the 

presence of fibroblasts when embedded in natural hydrogels such as fibrin55. The fibroblast-based 

cues along with the interstitial flow together were shown to drive this self-assembly process30. 

Moreover, this process allows for generation of capillaries with diameters ranging from 5 to 50µm, 

which is challenging to engineer using microfabrication approaches56. Similarly, renal tubular 

epithelial cells were shown to self-organize into stable tubular structures when embedded in 

Matrigel57. While the tubular structures were narrow due to the lack of tubular fluid flow, just by 

incorporating extracellular cues from matrices, the tubular structures were reported to have 
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enhanced drug transporter expression compared to conventional 2D culture and were stable for up 

to 60 days. Apart from these, the self-organization of stem cells into organoids have been widely 

exploited in biomedical research. Stem cells, particularly pluripotent stem cells like embryonic 

stem cells or induced pluripotent stem cells, possess the inherent ability to differentiate into various 

cell types47. When provided with the appropriate culture conditions and cues, these stem cells can 

spontaneously organize into three-dimensional structures that closely mimic structural and 

functional aspects of their native counterparts58. This natural propensity of stem cells to self-

organize allows for the creation of organoids that recapitulate key features of real organs, including 

tissue layers, cellular diversity, and spatial organization. While self-assembly offers structural and 

functional complexities, since it is a biologically-driven process, it is therefore prone to variability. 

Moreover, you have limited control over the size, location or shape of the self-assembled 

structures. This is where integration of self-assembly with microphysiological systems could offer 

mutual benefits, enhancing the capabilities of both approaches59,60. By leveraging self-assembly 

within microphysiological systems, researchers were able to  guide the self-assembly process of 

intestinal stem cells into a perfusable intestinal tubes which were able to retain their physiological 

structural organization and even had rare specialized cell types such as the microfold cells which 

are not commonly detected in conventional organoid culture61. Moreover, incorporation of 

perfusion, extended culture longevity. These findings illustrate how self-assembly and 

microphysiological systems can be used synergistically to advance physiological relevance of 

preclinical models. 

 

1.2.2.3. Sacrificial molding 
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Sacrificial molding is a technique employed in microfabrication to craft intricate structures and 

channels within microphysiological systems62. In this method, a sacrificial material is utilized to 

form temporary structures or channels within the device. The process entails depositing the 

sacrificial material onto a substrate, covering it with extracellular matrix, allowing it to solidify, 

and subsequently removing the sacrificial material, leaving behind an imprint of the desired 

structures or channels (Figure 1h). This technique was employed to create perfusable vascular 

networks using carbohydrate glass as sacrificial material encapsulated in fibrin hydrogel 

containing interstitial cells63. The carbohydrate lattice generated by 3D printing was stable in a 

wide variety of extracellular matrices that relies on different crosslinking mechanisms. The 

dissolution of the sacrificial material was found to be rapid in culture media. After dissolution, the 

empty channels were seeding with endothelial cells to form perfusable vasculature. Similar 

sacrificial molding technique was used to create a perfusable renal proximal tubules mimicking 

their native convoluted geometry64. To generate a perfusable renal tubule, Pluronic F127 ink was 

used as the sacrificial material and was printed on a layer of gelatin-fibrin hydrogel the tubules. A 

second layer of gelatin-fibrin hydrogel was then added to encapsulate the tubules in extracellular 

matrix. The sacrificial material is temperature dependent and can be dissolved at 4 ºC. Because the 

sacrificial material requires colder temperatures for dissolution and the bilayer or sandwich method 

of casting hydrogel to encapsulate the sacrificial material, incorporating supporting cells in the 

extracellular matrices might be challenging. The main advantage of sacrificial molding is that by 

using a sacrificial template, we can seed cells post-fabrication which reduces the stress the cells 

undergo during bioprinting. However, the techniques discussed here can be time consuming and 

lacks throughput which can hinder its use in preclinical research. Since it relies on 3D printing for 

deposition of the sacrificial material, it can be challenging to scale up fabrication to multiple 
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devices simultaneously. Despite these limitations, the ability of this approach to create complex 

geometries and interconnected networks embedded in extracellular matrices thereby increasing the 

functionality and biomimicry of microphysiological systems is invaluable. Therefore, harnessing 

the biological complexities that sacrificial molding offers at higher throughputs would be a 

significant step forward in advancing microphysiological systems. 

 

1.2.3. Operational features in MPS 

1.2.2.4. Perfusion systems 

Perfusion systems are integral to the functionality of microphysiological systems, facilitating vital 

functions for supporting cells inside the device such as transport of nutrients, growth factors, drugs 

and waste removal65. The three main mechanisms used in microphysiological systems to mimic 

physiological fluid flow are external pumps, integrated pumps and gravity-driven flow66 (Figure 

1i). Conventional syringe or peristaltic pumps are the most widely used external pumping systems 

in microphysiological systems65. The pumps are normally located outside the device to drive the 

flow of culture medium through the microfluidic channels containing the cells. This setup offers 

precise control over flow rates and can be tailored to simulate specific physiological conditions, 

making it suitable for applications requiring accurate manipulation of fluid dynamics. However, 

they come with several drawbacks. These systems add complexity to the setup, requiring additional 

components such as tubing, connectors, and control units, which hinders scalability and portability 

of these systems. The risk of contamination is also heightened with external pumps due to 

increased points of contact between the culture medium and the external environment, 

necessitating stringent sterilization protocols. To overcome these limitations of external pumps, 

researchers have integrated in-built microarray of pumps that allows for unidirectional flow in 
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each unit in a high-throughput platform67. However, these integrated pumps can be complex to 

design and implement. Moreover, they are customized for a particular device and are therefore 

may not be compatible with other systems. An alternative solution to address these limitations 

could be a gravity-driven flow setup, which does not require pump systems to achieve perfusion. 

Instead, they rely on the force of gravity to propel the culture medium through the microfluidic 

channels. This can be achieved either by maintaining a volume differences in the inlet and outlet 

of the microfluidic channels or by placing the device on a programmable titling stage that can drive 

the fluid flow between the inlet and outlet resulting in a bidirectional flow68. This approach offers 

portability and ease of use compared to pump-based systems, as tilted stages require minimal 

additional equipment and expertise. By adjusting the angle of tilt, researchers can modulate flow 

rates to suit their experimental requirements. Unlike integrated pumps, gravity-driven flow setups 

are compatible with a wide range of microfluidic devices and materials, making them accessible 

and adaptable for various applications. Gravity-driven flow setups have even been used to generate 

unidirectional flow69,70. Despite these advantages, gravitational flow may exhibit variations in flow 

rates and non-uniform flow profiles, limiting its precision for certain experiments. However, its 

gentle flow nature have been shown to be well-suited for maintaining cell viability and function 

over long culture periods offering a balance between ease-of-use and functionality71,72.  

 

1.2.2.5. Sensor integration 

Despite advancements in microphysiological systems, data collection from these systems 

predominantly relies on fluorescent imaging or colorimetric assays. These methods typically entail 

endpoint measurements and require the use of labels or added substrates. However, the integration 

of sensors within microphysiological systems can allow for data acquisition without disturbing the 
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cellular microenvironment over the duration of culture73. By incorporating sensors directly into 

MPS, researchers can now monitor key parameters such as oxygen levels, pH, and transepithelial 

electrical resistance (TEER) non-invasively in real-time74 (Figure 1j). Recently, researchers 

integrated optical-based oxygen sensors with a membrane bilayer device that allowed for real-time 

monitoring of oxygen consumption rates of human proximal tubules and even detect metabolic 

shifts in the cells in response to drugs that have been previously shown to affect oxygen 

consumptions of cells75. The same device was also integrated with sensors to monitor cellular 

barrier integrity using TEER and regulate fluid flow with in-built perfusion systems67. Moreover, 

because the device follows the footprint of a standard multi-well plate, it allowed for 96 

simultaneous measurements allowing for high-throughput data acquisition from these integrated 

sensors. Another high-throughput device was able to integrate their device with TEER sensors to 

detect changes in resistance to capture changes in barrier function over culture period and in 

response to drugs that affect renal or intestinal epithelial barrier function76. While sensor 

integration offers many benefits, the only downside is their adaptability or compatibility to wide 

range of devices. Because each microphysiological systems have varying designs and materials, 

to integrate them with sensors, they need to be customized for that particular device. Therefore 

they may not be compatible with other devices. Despite this challenge, sensor integration within 

microphysiological systems allows for a more comprehensive understanding of cellular responses 

within the microenvironment of the chip, capturing dynamic changes in physiological conditions 

and cellular behavior in real-time77. 

 

1.2.4. Multi-well formats for microphysiological systems 
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Conventional single-chip microphysiological systems have made significant advancements in 

mimicking human physiology in vitro; however, they still face limitations such as low throughput, 

use of synthetic membrane, lack of tubular structure and reliance on external pumps for fluid 

handling. This is where integrating the benefits of these organ-on-chip systems with the high-

throughput capabilities of multi-well plates proves to be advantageous. The widespread use and 

familiarity with multi-well plates in research laboratories make the adoption of microphysiological 

systems much more accessible and straightforward for researchers. Since researchers are already 

accustomed to handling multi-well plates and performing various assays and experiments using 

these standardized formats, the transition to working with MPS becomes a natural extension of 

existing practices. Furthermore, the compatibility of multi-well MPS with established research 

equipment designed for standard well plates, such as microplate readers, automated liquid 

handlers, and high-content imaging systems, further streamlines the integration process. 

Leveraging this compatibility allows researchers to seamlessly incorporate MPS into their 

workflows, minimizing the learning curve and optimizing experimental efficiency. Additionally, 

the scalability of MPS to accommodate multiple experimental conditions within a single platform 

aligns well with the high-throughput capabilities of multi-well plates, enabling researchers to 

conduct parallel experiments and screen large compound libraries more efficiently. With these 

advantages in mind, there have been attempts to integrate the multi-well format with MPS, and 

among these, two notable platforms stand out: PREDICT-96 and OrganoPlate, both of which are 

now commercially available (Figure 1 k-l). PREDICT-96 uses the 96 well plate format with a 

bilayer membrane design78. The bilayer design consists of an upper and lower channels made from 

thin films of cyclic olefin polymers and track-etched polycarbonate membrane between the two 

channels. The device also has integrated sensors for monitoring oxygen levels, TEER and have in-
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built pumps systems67,75. Using this device, they were able to develop high-throughput models for 

liver, kidney, lung, vasculature, gut51,67,78-80. While this model offers high-throughput capabilities 

over conventional organ-on-chip platforms due to their 96 well plate format, they however lack 

extracellular matrix and tubular geometry. Moreover, the device fabrication process is quite 

complex to accommodate the bilayer design, sensors and in-built pumps which may pose 

challenges to scaling up production. The second platform, OrganoPlate uses a phaseguide, a short 

plastic ridge which creates a meniscus pinning barrier that allows them to incorporate hydrogel 

matrices and grow cells on either side of the ECM. The device mimics the 384 multi-well plate 

format and allows them to culture up to 64 tissues using this technology. The OrganoPlate also has 

integrated TEER sensors to monitor barrier function in real-time76.  This high-throughput platform 

has been used to model vasculature, kidney, colon etc. While this platform does incorporate ECM 

and tubular geometry, however only half of the tubular structure is in contact with the extracellular 

matrix and the other half is exposed to plastic substrate which is not physiological. Moreover, both 

PREDICT-96 and OrganoPlate platforms cannot be mechanically actuated which limits their 

ability to model organs such as lung, gut where mechanical actuation might be crucial. Despite 

these limitations, both the PREDICT-96 and OrganoPlate platforms highlight the potential of 

utilizing multi-well formats for advancing microphysiological systems. Therefore, by integrating 

microphysiological systems with multi-well plate formats, we could not only overcome the 

constraints of conventional organ-on-chip systems but also open the door to a myriad of new 

opportunities to advance preclinical models for drug development and disease modeling. 
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Figure 1. Microphysiological systems and its design considerations. a-e, Selection of biological 

elements. Adapted from Clare et al43. f-h, Approaches for biofabricating perfusable tissues. 

Adapted from Sunghee et al59, Colleen et al56 and Neil et al18.  i-j, Operational features to consider 

in MPS. Adapted from Mathias et al81 and Yangzhi et al82. k-l, Microphysiological systems in 

multi-well formats. Adapted from Erin et al67 and Sebastiaan et al83. 
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1.3. Objectives and thesis outline  

Although significant strides have been made in replicating organ-level functions with 

microphysiological systems, the limited throughput of traditional organ-on-chips hampers their 

widespread adoption in drug development. Previous efforts to integrate multi-well formats with 

microphysiological systems have fallen short, as existing multi-well devices often feature artificial 

membranes rather than authentic extracellular matrices or only support partial tissue growth on 

hydrogels while the remainder grows on plastic. Consequently, cells lack crucial mechanical and 

biochemical cues, impeding accurate disease modeling and drug screening. This thesis aims to 

bridge this gap by fabricating 3D perfusable structures fully embedded in natural hydrogels within 

high-throughput multi-well formats therefore integrating the biological complexities that organ-

on-chip can offer with the easy-of-use of 2D cell culture. This was achieved through the 

development of two multi-well platforms: IFlowPlate and AngioPlate, both of which are pump-

free, scalable and easy-to-use.  

 

Chapter 2 outlines the development of IFlowPlate platform, that relies on self-assembly of 

endothelial cells to form 3D perfusable vascular networks embedded in hydrogel. This platform 

was used to address a critical limitation of conventional static organoid culture, which is the lack 

of vascularization. By integrating colon organoids within the self-assembled perfusable vascular 

bed, we achieved intravascular perfusion of organoids for the first time. This allowed us to model 

the recruitment of monocytes from vascular circulation to respond to epithelial injury during colon 

inflammation. 
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Chapter 3 describes the development of AngioPlate platform, that relies of sacrificial molding to 

create complex and intricate 3D perfusable structures embedding in hydrogel. This was achieved 

by developing a subtractive manufacturing technique that allows for the flexible sacrificial 

material to change shape from 2D to 3D when in contact with hydrogel. This technique was utilized 

to create a vascularized renal proximal tubule and a breathing, vascularized terminal alveoli 

complex fully embedded in hydrogel in a multi-well format.  

 

Chapter 4 focuses on further developing the AngioPlate platform to increase its robustness and 

simplify device fabrication to allow for the incorporation of supporting cells in the hydrogel 

matrix. This allowed us to model cisplatin induced -nephrotoxicity and TGF- β1 induced- 

tubulointerstitial fibrosis. This chapter also describes the development of a rapid, non-invasive, 

high-throughput TEER meter that can be seamlessly integrated with the AngioPlate platform for 

measuring of renal epithelial barrier integrity.  
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2.1. Abstract 

Despite the complexity and structural sophistication that 3D organoid models provide, their lack 

of vascularization and perfusion limit the capability of these models to recapitulate organ 

physiology effectively. We have engineered a microfluidic platform, named IFlowPlateTM, using 

which we can culture up to 128 independently perfused and vascularized colon organoids in vitro. 

Unlike traditional microfluidic devices, our vascularized organoid-on-chip device with an “open-

well” design does not require any external pumping systems and allows tissue extraction for 

downstream analyses, such as histochemistry or even in vivo transplantation. By optimizing both 

the ECM and the culture media formulation, we have co-cultured patient-derived colon organoids 

successfully within a self-assembled vascular network and found the colon organoids grow 

significantly better in our platform under constant perfusion vs. conventional static condition. 

Furthermore, we demonstrated a colon inflammation model with an innate immune function where 

circulating monocytes can be recruited from the vasculature, differentiate into macrophage and 

infiltrate the colon organoids in response to TNF-a inflammatory cytokine stimulation. With the 

ability to grow vascularized colon organoids under intra-vascular perfusion, our IFlowPlateTM 
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platform could unlock new possibilities for screening potential therapeutic targets or modeling 

relevant diseases. 

 

2.2. Introduction  

In an effort to explore modeling systems that seek to recapitulate bodily functions and create 

systems as physiologically relevant as possible to address the limitation of existing paradigms in 

drug development and biological research, many recent studies have focused on the use of 

organoids. Organoids are a 3D cell culture of self-organized differentiating cells. What makes them 

such a remarkable modeling system is their ability to recapitulate in vivo morphology and cell 

organization on a smaller scale, while also displaying genetic fingerprints very similar to that of 

the original tissue1. These cells are usually grown on natural extracellular matrix (ECM) to provide 

the structural support for cell attachment and organization2. Organoids can be derived from PSCs 

(ESCs or iPSCs), or adult primary tissues. Organoids derived from ESCs retain embryonic 

development characteristics and provide a good way of studying organ development and the 

development of genetic disorders. By providing the appropriate biochemical and physical cues, it 

is now possible to culture many different types of organoids, including kidneys3, intestines4, brain5, 

and prostate6, etc.  

  

The main advantage of an organoid is structural sophistication, though this approach is limited by 

the lack of vascularization and perfusion7,8. Organoids are usually cultured inside static multi-well 

plates. Even though vasculature is prevalent in the body, many organoid model systems entirely 

omit the vascular network. For the ones that do contain vasculature, the vascular networks are not 

intra-vascularly perfused9. Recently, researchers have developed an elegant 3D printed bioreactor 
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for vascularizing kidney organoids. However, their device introduced flow through superfusion 

(flow over the organoids) and not intra-vascular perfusion which limits the ability of the device to 

probe the intra-vascular space of the vascularized organoids10. Previous studies have also shown 

that intravascular perfusion is critical for vessel stabilization and lack of perfusion could lead to 

vessel regression11,12. Therefore, integration of both vasculature and intravascular perfusion is 

crucial for generating functional vascular networks for supporting epithelial tissue. While several 

strategies for vascularizing organoids via animal implantation have been attempted and yielded 

excellent results13-16, these lack scalability and adaptability required for in vitro applications. 

Important biological events, such as intercellular cross-talk, immune cell migration, and 

biomolecular transport, occur at the tissue vascular and epithelium interface. Without a way to 

access this biological interface, some biological processes, such as immune cell recruitment during 

tissue inflammation, cannot be easily recapitulated and studied. To overcome this challenge, we 

developed a platform to vascularize organoids by growing the organoids within a perfusable 

vascular bed self-assembled from endothelial cells. This allows intra-vascular perfusion of 

vascularized organoids for the first time. We then further scaled this platform to a customized 384-

well plate (here referred to as IFlowPlateTM) on which we can readily fabricate, culture, perfuse, 

and test up to 128 independent vascularized organoid cultures at a time. Unlike many closed 

microfluidic-based systems, the open-well design allows the tissue to be easily retrieved for 

downstream analysis, such as gene expression and histopathological analysis, or even in vivo 

transplantation. Lastly, we exploited the unique perfusion capabilities of our platform to model 

colon inflammation, which allowed us to observe the different steps involved in the inflammatory 

process such as recruitment of circulating monocytes and infiltration of the colon organoids by 

differentiated macrophages in response to epithelial tissue injury.  
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2.3. Materials and Methods 

Fabrication of the microfluidic device 

Using standard photolithography technique, a SU8 master mold patterned with an array of inlet 

and outlet channels in the format of a standard 384-well plate was first fabricated. Then, 

polydimethylsiloxane (PDMS), purchased from Ellsworth Adhesives (Cat# 4019862), was 

prepared at a ratio of 1:30 and poured onto the SU8 master mold. The PDMS was degassed for 40 

minutes and then cured at 47 oC overnight. The PDMS mold was then de-molded and soaked in 

5% (w/v) pluronic acid (Sigma Aldrich, Cat# P2443-250G) for 30 minutes. After 30 minutes, the 

PDMS mold is then washed in distilled water and capped onto a plasma-treated optical quality 

polystyrene sheet (11.5³7.5 cm) (Jerry’s Artarama, Cat# V16013). Melted poly (ethylene glycol) 

dimethyl ether (PEGDM) (Sigma Aldrich, Cat# 445908-50G) was then injected into the inlet and 

outlet channels and allowed to fill the channels at 70 oC. Next, the PDMS mold was cooled to 

room temperature, which allows the PEGDM to re-solidify. The PDMS mold was then peeled off 

from the polystyrene sheet, and the PEGDM features in the pattern of an array of inlet and outlet 

channels were then transferred onto the polystyrene sheet. The polystyrene sheet containing the 

PEGDM structures was then glued onto a bottomless 384-well plate using a highly viscous PDMS 

glue at a ratio of 1:10 (Ellsworth Adhesives, Cat# 2137054) at room temperature overnight. The 

well plate (IFlowPlateTM) was then packaged and sterilized with gamma-ray sterilization.  

 

Endothelial and stromal cell culture 

Green fluorescence protein-tagged human umbilical vein endothelial cells (GFP-HUVEC), and 

primary human lung fibroblasts were both purchased from Cedarlane labs (Cat# CAP-0001GFP, 

PCS-201-013). GFP-HUVECs were cultured in Endothelial Cell Growth Media (ECGM2, Cat# 
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C-22011) as instructed by the supplier (Cedarlane labs). Primary human lung fibroblasts were 

cultured in DMEM media supplemented with 10% fetal bovine serum (FBS), 1% penicillin-

streptomycin solution (100X) and 1% HEPES (1M). Cells used for all the experiments are between 

passage 2-5. Prior to cell seeding, all cells were strained through 40mm cell strainers to get a single 

cell suspension. 

 

Organoid culture and expansion 

The colorectal organoids were acquired from the University Health Network (UHN) Princess 

Margaret Living Biobank in Toronto Canada. The use of patient-derived organoids was approved 

by Hamilton Integrated Research Ethics Board under the project number, 5982-T. The colon 

organoids were cultured in IntesticultTM human organoid growth media purchased from Stemcell 

Technologies (Cat# 06010) according to the manufacturer’s protocol. Specifically, frozen vials of 

organoids were thawed and embedded in growth-factor reduced MatrigelÑ  (Corning, Cat# 

CACB356231). Each vial of organoid was mixed with 150 mL of MatrigelÑ . The organoids were 

cultured in a regular 24-well plate with each well containing 50 mL of MatrigelÑ-Organoid mixture 

in the center of the well (MatrigelÑ dome). Organoids were cultured for a week until they fully 

recover and later passaged. Organoids were dissociated and expanded with two different methods. 

For the mechanical dissociation method, the MatrigelÑ  containing the organoids were dislodged 

from the wells and collected in a tube. The MatrigelÑ  was then broken into small fragments by 

repeated pipetting using a fire-polished Pasteur pipette. To this mixture, fresh MatrigelÑ  was added 

and plated into a new 24-well plate.  For the TrypLE method, the MatrigelÑ  was first degraded by 

incubating the organoids with 1 mL of Cell Recovery Solution (Corning, Cat# CACB354253) per 

each well on ice for 1 hour. To this mixture, 5mL of cold Advanced DMEM/F12 media (Gibco, 
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Cat# 12634-010)  was added and centrifuged at 200G for 4 minutes. The supernatant containing 

the MatrigelÑ fragments were discarded, and the organoids were incubated in a water bath (37 oC) 

for 10 minutes with the 1mL of TrypLETM express enzyme (Gibco, Cat# 12605-010). This mixture 

is then centrifuged again at 200G for 4 minutes and fresh MatrigelÑ was added after discarding the 

supernatant. For both methods, organoids from each well were expanded into three wells or a 

splitting ratio of 1:3. The organoids were cultured for a week and the media were changed every 

two days. The organoids expanded using both methods were cryopreserved by breaking the 

hydrogel into small fragments and collected using the RecoveryTM cell culture freezing media 

(Gibco, Cat# 12648-010). For all experiments in the IFlowPlateTM, organoids were thawed from 

the frozen vials and applied directly to the IFlowPlateTM. The colorectal organoids used for all the 

experiments were between passage 13-17. 

 

Hydrogel formulation 

The hydrogel matrices for IFlowPlateTM cell seeding were prepared by mixing 10mg/mL 

fibrinogen with 10% (v/v) MatrigelÑ . The hydrogel mixtures were aliquoted into 125mL aliquots. 

To this 125mL gel aliquot, 25ml of thrombin (1.5 U/mL) was added and mixed before casting. 25 

mL of this final mixture was then cast into each well. For the ECM optimization experiments, 5 

mg/mL fibrin, 10mg/mL fibrin and pure MatrigelÑ were also used. Fibrinogen and thrombin were 

purchased from Sigma Aldrich (Cat# F3879-1G, T6884-100UN) and stock solutions were 

prepared as per manufacturer’s instructions and stored at -20 oC. For experiments with static 

conditions, we suspended colon organoids in pure MatrigelÑ  and cultured them in colon media on 

a regular 384-well plate with no perfusion. 
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Cell seeding and device operation 

Sterilized IFlowPlateTM was first incubated with sterile distilled water to dissolve the PEGDM 

inside the plate and prime the plate overnight at 37 oC. After overnight incubation, the plate was 

then centrifuged at 40G for 30 seconds to remove any air bubbles inside the plate. The wells were 

then rewashed with sterile water to remove any residual PEGDM. HUVEC (5 million cells/mL), 

Fibroblasts (1 million cells/mL), and colon organoids (10-12 organoids/well) were suspended in 

the hydrogel mixture according to the hydrogel formulation. 25 mL of this gel mixture was then 

added to the corresponding tissue wells. The plate was gently tapped to allow the gel to fall to the 

bottom of the plate. The plate was then incubated at 37 oC for 30 minutes to allow gelation.  To 

prevent the gel from entering the inlet and outlet channels, 25mL of fibrin gel (10 mg/ml fibrinogen 

with 10 U/ml Thrombin) can be applied to the inlet and outlet well prior to casting gel in the center 

well. After casting in the center well, the gels in the inlet and outlet well can be aspirated and 

removed. Endothelial cells (0.6 million cells/ml) were also seeded in the inlet and outlet wells. The 

plate was maintained under the static condition to allow the cells to attach overnight. Culture media 

were changed in all wells the following day and the plate was placed on a programmable rocker 

that tilts at a 30 ̄angle. The tilt direction was programmed to change every 15 min to maintain 

perfusion. The culture media were supplemented with 1% (v/v) Aprotinin (Sigma Aldrich, Cat# 

616370-100MG-M) to prevent fibrin degradation. The culture media were changed every other 

day. For optimizing vascular network formation and organoid culture, we tested ECGM2 media, 

colon organoid media and their mixture 1:1 or 1:9 (v/v) ratio accordingly. A mixture of ECGM2 

and colon organoid media at a ratio of 1:1 (Media 1) was found to be the optimal media condition 

for the culture of vascularized colon organoids.  
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Immunofluorescent staining and histology  

The entire immunostaining procedure was done in IFlowPlateTM under perfusion on a 

programmable rocker. Cultured tissues in IFlowPlateTM were first washed with 1X PBS to remove 

residual media. The tissue was then fixed overnight under perfusion in 4 oC with 10% Formalin 

solution. The next day, the fixative was removed, and the tissue was washed again with 1X PBS 

three times and blocked for 2 hours under perfusion at room temperature with 5% normal goat-

serum (Sigma Aldrich, Cat#NS02L-1ML) containing 0.1% Triton-X. The tissue was then stained 

with primary antibodies, Anti-CD31 (Abcam, Cat# ab28364), Anti-vWF (Abcam, Cat# ab6994), 

Anti-Laminin (Abcam, Cat# ab11575) overnight at 4 oC under perfusion. The following day, 

tissues were washed with PBS. The anti-rabbit secondary antibody (Abcam, Cat# ab150077) or  

F-actin conjugate antibody (Cedarlane Labs, Cat#20553-300) was added along with DAPI (Sigma 

Aldrich,  Cat#D9542-5MG) and incubated at room temperature for 2 hours under perfusion. After 

incubation, the samples were washed in PBS overnight and imaged using a confocal microscope 

(Nikon SR-SIM) or image cytometer (Biotek Instruments). All the antibodies were diluted at 1:100 

ratio in PBS with 2% (v/v) FBS. For histology, the cultured tissues were fixed in 10% formalin 

solution for 48 hours. The tissue was then removed from the well using a tweezer and was placed 

in histology cassettes. The cassettes were then immersed in 70% ethanol until ready for paraffin 

wax embedding. The embedded tissues were then sectioned and stained with hematoxylin and 

eosin, E-Cadherin (Abcam, Cat# ab1416), CD31 (Abcam, Cat# ab28364), Villin (Abcam, Cat# 

ab130751) and Ki67 (Abcam, Cat#16667). The human colon tissue sections used for histological 

analyses were a generous gift from the John Mayberry Histology Facility at McMaster University. 

For imaging vascular network using Transmission Electron Microscopy (TEM), the tissue was 

fixed for 1 hour in 1% osmium tetroxide in 0.1M PBS. The fixed samples were then immersed in 
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a series of ethanol dilutions (50%, 70%, 70%, 95%, 95%, 100%, and 100%) to dehydrate the 

sample. The dehydrated sample was then embedded in 100% Spur’s resin and was allowed to 

polymerize overnight. The embedded tissue was then sectioned and stained with uranyl acetate 

and lead citrate before imaging.   

 

Tissue quantification  

We quantified the increase in the size of the colon organoids in different matrices from six wells 

per condition. For each well, five independent growing organoids were counted and averaged. The 

organoid area on Day 8 was then normalized against Day 1 values for each condition.  The average 

diameter of the vascular networks was also quantified similarly where the vascular diameters at 

ten different positions were measured per well. At least three different wells were used per 

experimental group. Both the area of organoids and the vascular network diameters were quantified 

using Image J. To quantify the vessel area, junction density, average vessel length of the 

vascularized colon organoids in different media conditions (n= 3-5), we used AngioTool software. 

We measured the organoid growth and the vessel junction density over time (11 days) to quantify 

the assembly process of vascularized organoids in our platform using Image J and AngioTool (n= 

6 wells). We quantified the percentage of organoids recovered in our IFlowPlateTM vs. static 

condition with and without vascular network by quantifying the organoids and cellular clusters in 

at least three different wells per condition. Using Image J, we also quantified the distance between 

the colon epithelium and the nearest vessel in both human colon tissue (n= 5 samples and 69 

measurements) and vascularized colon organoids (n= 3 wells and 69 measurements). 
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Vessel and organoid perfusion studies 

To study the perfusion through our self-assembled vascular networks, we perfused the networks 

with 70kDa TRITC-labelled dextran (Sigma Aldrich, Cat# T1162-100MG). In this experiment, we 

added 90 mL of TRITC-labelled dextran (500 mg/mL) in PBS to the inlet well and 60 mL of PBS 

to the tissue well. The perfusion of the dextran molecules through the vascular network was then 

imaged using an image cytometer (BioTek Instruments Inc.). Time-lapse images of perfusion of 

15 minute time intervals were captured. From the time-lapse images, diffusive permeability, Pd
  at 

the edge and center of wells (n=5) were calculated using previously reported equation28,29.  
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Here, Ii and If  represents the average intensities at final and initial timepoint while Ib represents 

the average background intensities. ɝÔ is the time interval between the images and d is the average 

diameter of the vessel in the chosen ROI.  

 

To calculate the shear stress of the vascular network, we perfused the network with red fluorescent 

particles (1µm in diameter). The microscope was tilted at 30-degree angle to mimic the 

programmable rocker. Videos of perfusion were taken at 13.13 frames/sec and the exposure time 

was set at 700 µs. For calculating the shear stress at different locations, the instantaneous velocity 

and the vessel diameter were used. The instantaneous velocity was calculated by tracing a particle’s 

positions in two adjacent frames and the vessel diameter was measured in Image J. Shear stress 

was calculated using the formula30,  †
  
 . We calculated the shear stress at 18 different 

regions in 6 wells.  To demonstrate perfusion in vascularized organoids, we perfused the vascular 

networks with  90µl of red fluorescent particles in the inlet and 60 µl of PBS in the outlet. The 
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delivery of particles to the organoids through the vascular network was then imaged using an image 

cytometer.  

 

Modeling colon inflammation in IFlowPlateTM: 

To model colon inflammation in our platform, we first stimulated the tissue by supplementing  

culture media 1 with 50 ng/ml of TNF-a incubated at 37 oC for 12 hours (n=3). For the no treatment 

group (n=3),  media was not supplemented with TNF-a. After incubation, the tissues were washed 

and THP-1 monocyte cells (Cedarlane Labs, Cat#TIB-202) at 0.3 million cells/mL concentration 

labeled using red cell tracker (Thermo Fisher Cat#C34552) were perfused from the inlet wells. We 

added 90 mL of cell suspension to the inlet and 60 mL of culture media to the tissue well to allow 

gravity-driven perfusion. The platform was perfused at 37 oC for 30 minutes. Next we washed the 

networks with culture media to remove unattached monocytes and the platform was incubated at 

37 oC overnight under perfusion. The monocyte attachment and organoid infiltration at Day 0 and 

Day 1 were imaged using the image cytometer. From these images, the monocyte attachment and 

percentage of organoid infiltration were quantified using Image J. To quantify ICAM-1 expression, 

we stained the treated and non-treated vascularized organoid tissues with Anti-ICAM-1 (Abcam, 

Cat#ab2213) and used Image J to quantify the percentage of stained area in the entire tissue well.  

 

Sample size and statistical analysis 

Normality and equality of variance were tested using SigmaPlot software. One-way ANOVA or 

one-way ANOVA on ranks in conjunction with either Holm-Sidak or Dunn’s or Tukey’s method 

was used to determine the statistical significance. For all quantitative analysis, at least three 

independent samples per condition were utilized. Data in all graph were plotted as mean with SD 
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2.4. Results  

2.4.1. Device fabrication 

To create a perfusable culture platform, we customized a standard 384-well plate by adding micro-

channels with a cross-section of 300 mm in width and 120 mm in height at the bottom of the plate 

to connect three adjacent wells together. The three wells connected together become one 

independent unit (Figure 1 a-b). The well in the middle served as the culture chamber where a 

natural hydrogel mixed with cells and organoids was cast to the bottom. The other two wells served 

as the inlet and outlet media reservoir. During tissue culture, the entire plate was placed on a 

programmable rocker that tilted the plate at a 30-degree angle to produce a pressure head that 

drives media perfusion from the inlet well through the middle well to the outlet well. To sustain 

media perfusion for long periods, the perfusion direction was altered by programming the rocker 

to change tilt direction every 15 min. This configuration, without the use of any tubing or syringe 

pump, was able to maintain constant media perfusion in all 128 independent units on the 384-well 

plate simultaneously. Gel casting, cell seeding, culture media changes, or drug tests can all be 

performed with simple pipetting techniques or even robotic handling systems. The device was also 

designed to contain minimal amounts of drug absorbing glues or PDMS materials to prevent 

unspecific absorption of small hydrophobic molecules. The base of the plate was made of an 

optically transparent polystyrene sheet of less than 1 mm in thickness to allow automatic imaging 

in standard plate readers and image cytometers. Next, to support vascularized organoids culture 

using this platform, we optimized the extracellular matrix (ECM) and media formulation (Figure 

1c). Specifically, we used patient-derived healthy colon organoids in this study, but the same 

approach could potentially be applied to other organoid systems.  
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Figure 1. IFlowPlateTM  operation and setup. a, Image of an IFlowPlateTM filled with different 

colored dyes to depict the 128-independent units. The microfluidic device is fabricated by 

introducing microchannels to a customizable 384-well plate. Three wells (inlet, tissue well and 

outlet) together make one perfusable unit. These perfusable microchannels are shown with color 

dyes for better visualization. b-c, Illustration of our microfluidic device and experimental set up 

for vascularization of colon organoids cultured in IFlowPlateTM. The matrices containing colon 

organoids, endothelial cells and fibroblasts are cast on to the bottom of the tissue well. After 

gelation, media is perfused into the vascular network by placing the plate on a programmable 

rocker. We also tested different hydrogel matrices and media formulations to find the optimum 

condition for growing these engineered vascularized colon organoids. 

 

2.4.2. ECM optimization for vascular network formation and colon organoid culture 

Previously it has been shown that endothelial cells embedded in fibrin gel can self-assemble into 

a perfusable vascular network inside closed microfluidic channels17. Here, we showed this self-

assembly capability is not limited to a microfluidic environment (Figure 2a). Human primary 

endothelial cells mixed with human fibroblasts can self-assemble into a perfusable microvascular 

network inside a customized well-plate in three days (Figure 2b). We found the self-assembled 

vascular network can cover the entire well. At a cell seeding density of 5 million cells/mL, the 
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endothelial cells were sufficiently close to each other to form an interconnected vascular network. 

This process can take place in fibrin gel with a fibrinogen concentration of 5 and 10 mg/mL 

(Figure 2c, top). While it is well known that endothelial cells self-assemble quite well in fibrin 

matrices, most of the organoid cultures use MatrigelÑ. MatrigelÑ contains large quantities of 

laminin and collagen IV which are the building blocks of the basement membrane that supports 

the organoid epithelium. Nevertheless, in MatrigelÑ alone, we found that the endothelial cells were 

unable to self-assemble into a vascular network (Figure 2c, bottom). This is likely because 

endothelial cells alone cannot easily remodel the laminin and collagen IV in MatrigelÑ. Therefore, 

to support endothelial assembly without removing the MatrigelÑ completely, we added 10% (v/v) 

MatrigelÑ in fibrin gel and demonstrated that vascular assembly from endothelial cells could take 

place in this gel formulation (Figure 2c, bottom).  

 

Thrombin concentration was also crucial for the self-assembly of endothelial cells in fibrin 

matrices. Lower concentration of thrombin (1.5 U/ml) allowed more cells to settle at the bottom 

of the well, thereby facilitating the formation of the vascular network (Supplementary Figure 1). 

The network can connect to the inlet and outlet channels, and media perfusion was established 

through the entire network on day 5, as shown by the perfusion of 70kDa fluorescently labeled 

dextran (Figure 2b). The perfusability of the network was highly consistent between different 

wells (Supplementary Figure 2). The entire vascular network formed a tight vascular barrier that 

can contain large proteins. Although vascular perfusion appears to be faster in vessels near the well 
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edges due to lower flow resistance, vascular permeabilities are similar in all regions, indicating 

that vessels were not leaky and perfusates did not leak or pool in the center well (Figure 2d-e).  

Figure 2. Culture of perfusable microvascular bed in IFlowPlateTM  and optimization of 

hydrogel matrices. a, Illustration of the experimental setup. b, Fluorescent images of GFP-

HUVECs (green) assembled into a microvascular network and perfused with fluorescent 70kDa 
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dextran (red) over time in the presence of fibroblasts. Images are stitched from multiple images. 

Dotted white lines outline the edge of the wells and the microchannel. Scale bar, 1mm. c, Confocal 

fluorescent images of self-assembled microvasculature network in matrices of different 

formulation on IFlowPlateTM. Cells were stained for F-actin (red) and DAPI (blue). d, Time-lapse 

of perfused (70kDa dextran, red) vessels used for permeability quantification on Day 6. Images 

are stitched from multiple images. Scale bar, 1mm. e. Quantification of vessel diffusion 

permeability in different regions of the network. n=5. ns indicates not statistically significant. f, 

Fluorescent images of vessels stained for CD31 (red), vWF (red), Laminin (red), GPF, and DAPI. 

White arrows indicate vWF fiber. Scale bar, 100mm. g, Transmission Electron Microscope image 

of the cross-section of a single vessel. Scale bar, 5mm. 

 

Due to the self-assembly nature of this system, the shear stress within the vascular network can 

vary from 0.02 to 1.2 dynes/cm2 consistent with previous reports in similar devices18 

(Supplementary Figure 3, Supplementary Video 1). However, this level of heterogeneity is 

expected and resembles native tissues. The vessels formed intercellular junctions, secreted Von 

Willebrand Factors (vWF) important to thrombogenicity, and deposited laminin-rich basement 

membranes (Figure 2f-g). Specifically, we found the formation of vWF fiber along the flow 

direction consistent with previous reports of flow-driven assembly of vWF fiber19. This self-

assembled perfusable microvascular bed is positioned entirely inside a well with an open top that 

will allow the addition of other tissue samples both on top of and within the gel matrix as well as 

the extraction of the tissue from the well.   

 

To validate the feasibility of integrating engineered microvasculature with organoids, here we used 

patient-specific colon resident stem cells to grow colorectal organoids in vitro (Figure 3a). To 

culture the colorectal organoids in this study, we embedded the organoids inside the gel matrix to 

maximize the contact surface between the organoids and the surrounding vasculatures. However, 
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this required the optimization of the matrix for both organoids and the vasculature. Primary colon 

tissue contains functional adult stem cells that reside in the base of the crypt, and thus, biopsied 

resident intestine stem cells can undergo differentiation in MatrigelÑ  to recapitulate the cellular 

diversity of the colon epithelium20 (Supplementary Figure 4). As expected, the colorectal 

organoids were unable to grow in fibrin alone as laminin and collagen IV are completely absent in 

fibrin gel. This is consistent with previous findings21. However, we found that a mixture of fibrin 

and 10% MatrigelÑ can support the formation of colon organoids (Figure 3b). The colon organoid 

continued to grow for at least eight days in and went through the crypt budding process with 

multiple budding structures forming. Localized staining of F-actin on the luminal surface of the 

organoid indicated a polarized epithelium (Figure 3c). We also quantified the cross-sectional area 

of the colon organoids in different hydrogel matrices and found that the combination of fibrin and 

MatrigelÑ yielded significantly larger organoids (Figure 3d). This is likely because fibrin gel tends 

to be more porous than MatrigelÑ which could have enhanced mass transport in the gel to enable 

faster organoid growth. 
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Figure 3. Optimization of hydrogel matrices for culturing human colon organoids. a, 

Illustration of the experimental setup. b, Brightfield images of colon organoids growing in matrices 

of different formulation over time in a 384-well plate. Scale bar, 500 mm. c, Confocal fluorescent 

image of colon organoids grown in fibrin gel with 10% (v/v) MatrigelÑ  for eight days on static 

condition. The organoid was stained for F-actin (red) and DAPI (blue). d, Quantification of 

organoid areas in different hydrogel matrices was done using Image J (n= 6, a total of 30 organoids 

analyzed per group). Statistical significance was determined using one-way ANOVA with Holm-

Sidak method. *P<0.05 **P<0.01 ***P<0.001 
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2.4.3. Formation of perfusable vascularized colon organoids 

We determined that both vasculature and colon organoids can grow in a matrix formulation that 

combined fibrin and MatrigelÑ. This laid the groundwork for establishing the perfusable 

vascularized colon organoids by co-culture of organoids with a pre-established microvascular bed. 

We next optimized the media formulation that can sustain the co-culture of colon organoid and 

vasculature (Figure 4 a,b). Three media formulation that combines the endothelial growth media 

(ECGM2) and colon media at different ratios were tested (Figure 4b). We found that even though 

all three media conditions were able to support organoid formation, vascular networks formed in 

media 2-3 were quite narrow (Figure 4c). We used AngioTool22 and Image J software to quantify 

the vascularization of the colon organoids in all three media conditions (Figure 4 d-h). While the 

organoid area between the three media conditions showed no significant differences, we found that 

the vessel diameter and vessel area were significantly higher in media 1 compared to the other two 

conditions. The average vessel length (distance between two junctions) of media 1 was 

significantly better than media 2 but showed no significant difference with media 3. We also 

quantified junctional density (junctions/area), which showed no significant differences between 

the three media conditions. Given that the large diameter of vascular networks formed in media 1 

would allow for better perfusion of the organoids and higher percentage of vessel area was 

observed in this condition, we decided that media formulation 1 would be ideal for growing 

vascularized colon organoids in IFlowPlate 
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Figure 4. Media formulation optimization of vascularized human colon organoids on 

IFlowPlateTM . a, Illustration of the experimental setup. b, Table listing the different media 

conditions tested for optimizing the growth of vascularized organoids. c, Brightfield-GFP overlay 

images of vascularized colon organoids in different media formulations. Zoomed in fluorescent 

images of the self-assembled microvascular network (green) and vascularized colon organoid 

(Brightfield-GFP overlay) are shown again on the right to visualize the assembled tissue better. 

Images are stitched from multiple images. Dotted white lines outline the edge of the wells and the 

microchannel. Scale bar, 1mm. d-g, Quantification of characteristic features of the assembled 

vascular network in different media formulations using AngioTool and Image J (Day 4, n=3-5). h, 

Quantification of organoid areas in different media formulations. d,g, Statistical significance was 

determined using one-way ANOVA on ranks with Dunn’s method. e,f,h, Statistical significance 
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was determined using one-way ANOVA with Holm-Sidak method. *P<0.05 **P<0.01 ***P<0.00. 

ns indicates no significant  

 

Using the established matrix and media formulation, we were able to culture colon organoids with 

a self-assembled microvascular network for at least 13 days (Figure 5a). Every single organoid 

cultured in the well was surrounded by blood vessels (Figure 5a). To demonstrate intravascular 

perfusion of the engineered vascularized colon organoids, we perfused the vascular network with 

red fluorescent particles that clearly labeled the compartmentalized vascular lumen, interstitial 

space, and organoid lumen (Figure 5b). Confocal images showed that the colon organoids were 

surrounded by GFP- blood vessels in close proximity (Figure 5c). Both organoids and the 

microvasculature contain hollow lumens that can be visualized from tissue cross-sections. 

Furthermore, we also observed polarization of the colon epithelium with clear F-actin localization 

on the apical side of the colon epithelium. We also tracked the simultaneous self-assembly of both 

vasculature and organoids and found the vasculature to structurally stabilize at around day 5 while 

the organoids grew continuously (Figure 5d). Interestingly, we noticed that the growth of 

organoids appears to have accelerated after perfusion was established on day 5. Therefore, the 

earliest time point for using the models would be around day 5, when the vasculature, vascular 

perfusion, and the organoids were well established.  

 

The “open-top” design of our platform allowed us to remove the entire vascularized colon tissue 

out of the well and perform histological analysis (Figure 5e). Using this feature, we directly 

compared our vascularized organoids with human colon tissues and non-vascularized organoids 

(Figure 5e). Specifically, villin staining showed the organoids were polarized and expressing 

micro-villi. Ki67 showed the presence of proliferating progenitor cells that fueled the growth of 
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the organoids. More interestingly, compared to the non-vascularized organoids, the vascularized 

organoids were surrounded with perfusable blood vessels in very close proximities similar to the 

native colon tissues. We measured the distance between the organoid and the nearby vessels and 

compared it against native colon tissues. We saw nearly indistinguishable differences (Figure 5f, 

Supplementary Figure 5). Moreover, 19% and 28% of vessels counted were in direct contact (a 

distance equal to 0) with the epithelium in human colon tissue and vascularized organoids, 

respectively. To further understand the importance of the vascularized co-culture for organoid 

growth, we quantified the percentage of recovered organoids on Day 9 under different 

experimental conditions, including the conventional static culture in MatrigelÑ. We observed that 

the colon organoid formation was significantly more robust in IFlowPlateTM in the presence of 

both vascular network and perfusion (Figure 5 g-h). Specifically, we found that there is significant 

cross-talk between the vasculature and the organoids in IFlowPlateTM as organoid growth 

completely stopped without the presence of vasculature while using our optimized matrix and 

media formulation. This highlights the importance of vasculature and perfusion in supporting 

organoid growth and development.  
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Figure 5. Culture of vascularized human colon organoids on IFlowPlateTM . a,  Brightfield 

images of vascularized colon organoid overlaid with fluorescent images of self-assembled 

microvascular network from GFP endothelial cells (green) in media 1 on Day 13. Fluorescent 

images of the self-assembled microvascular network (green) are shown again on the right. Images 

are stitched from multiple images. Dotted white circles outline the colon organoids. Dotted white 

lines outline the edge of the wells and the microchannel Scale bar, 1mm. b, GFP-brightfield 

overlay images of vascularized colon organoid perfused with RFP-particle (1mm) in IFlowPlateTM. 

Fluorescent images of the perfused vascular network are shown on the side for better visualization. 

White dotted circle labels the organoid. Scale bar, 250mm. c, Confocal fluorescent z-stack image 

of vascularized organoids stained for F-actin (red), DAPI (blue), and GFP-endothelial cells 

(green). The inset shows the cross-section of a colon organoid. d, Quantification of the dynamic 

assembly process of vascularized organoids over 11 days. n=6. e, Vascularized colon organoids 

(the entire tissue including the vasculatures) on day 11 were picked out of the well using a tweezer 

(shown bottom left corner) and then sectioned for histology. Histological section of normal human 

colon tissues, vascularized colon organoids and non-vascularized colon organoids stained for 

hematoxylin and eosin (Nuclei stains blue; ECM and cytoplasm stain pink), E-cadherin, CD31, 

Villin, and Ki67 (dark brown). Scale bar, 100 mm. f, Quantification of the distance between the 

vessels and the colon epithelium in both vascularized colon organoids (vOrganoids) and human 

colon tissues (hColon). n=3-5 independent samples with 69 measurements. 19% and 28% of 

vessels counted were in direct contact (a distance equal to 0) with the epithelium in human colon 

tissue and vascularized organoids, respectively. g, Brightfield images of colon organoids at Day 9 

grown in IFlowPlateTM and static 384-well plate with and without endothelial co-culture in a 

combination of fibrin gel and MatrigelÑ. h, Quantification of the percentage of colon organoid 

formation in the four conditions (n = 3-5). Statistical significance was determined using one-way 

ANOVA followed by the Holm-Sidak method. *P<0.05 **P<0.01 ***P<0.001 
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2.4.4. Vascularized human colon organoid model of tissue inflammation with innate 

immunity  

To demonstrate the importance of vasculature, we applied a scenario of colon inflammation as an 

example, which involves the complex interaction between circulating monocytes, endothelium, 

and colon epithelium. Release of TNF-a inflammatory cytokine during colon inflammation 

triggered the expression of ICAM-1 surface receptor on the vascular endothelium. ICAM-1 

receptor then facilitated the attachment of circulating monocytes on the vascular endothelium. 

Adhered monocyte then went through transendothelial migration, followed by differentiation into 

macrophages and lastly, infiltration into the colon epithelium (Figure 6a). This entire process was 

captured and visualized in our model. With static organoid culture, even though it’s possible to 

embed monocytes in a matrix around the colon organoids, the concentration of monocytes will 

have to be controlled manually in an arbitrary way where the intravascular recruitment of 

monocytes which plays a crucial role in the amplification of inflammatory response is missing. In 

addition, without transendothelial migration, monocytes will have to be artificially activated to 

differentiate into macrophages with M-CSF, which is not physiological. It is well known that the 

endothelium niche plays a vital role in the activation and phenotypic transformation of 

macrophages23,24. 

 

We demonstrated that the extent of monocyte recruitment is correlated to the extent of 

inflammation and TNF-a release by simply perfusing circulating monocytes through the 

vasculature emulating the exact process that happens in the body without the need for artificially 

activating the monocytes with M-CSF (Figure 6b-e). With TNF-a stimulation, most perfused 

monocytes were quickly captured by the microvasculature, while most monocytes passed through 
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the network in non-stimulated vasculature. After one day incubation, we found the monocyte-

differentiated macrophages were able to infiltrate nearly 80% of the colon organoids with TNF-a 

stimulation (Figure 6f). Specifically, we found the macrophages have a strong tendency to 

aggregate around the cell debris produced by colon organoids, which correctly correspond with 

the scavenger function of macrophages. Given the critical role of the vasculature in the recruitment 

and activation of circulating monocytes and the amplification of inflammatory response, this is a 

biological process that cannot be accurately replicated with static organoid culture alone. 

Therefore, we think this makes the platform a useful tool to expand the application of organoids 

to new biological processes. Here we are using the colon inflammatory process as an example. But 

we think this platform will find more utilities than just this one scenario as there are many more 

biological processes that involve vasculature and the interplay between vasculature and 

epithelium.  
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Figure 6. Vascularized human colon organoid model of tissue inflammation with innate 

immunity . a,  Illustration of experimental setup and the process of monocyte infiltration into colon 

organoids in response to inflammatory cytokines. b, Brightfield and fluorescent images of 

vascularized colon organoid immediately and one day after monocyte perfusion with and without 

TNF-a stimulation (50 ng/ml, 12 h). Monocytes are labeled in red. Vasculatures are labeled in 

green. Dotted white lines outline the edge of the wells and the microchannel Scale bar, 1mm. c, 

Fluorescent images of blood vessels (green) treated with or without TNF-a and stained for ICAM-

1 (red) and DAPI (blue) Scale bar, 1mm. d, Quantification of ICAM-1 staining. n=3. e, 

Quantification of monocytes attachment with and without TNF-a stimulation. n=3. f, 
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Quantification of monocyte infiltration into colon organoids with and without TNF-a stimulation. 

Statistical significance was determined using one-way ANOVA followed by the Holm-Sidak 

method. *P<0.05 **P<0.01 ***P<0.001. 

 

2.5. Discussion 

Some existing approaches combine organoids with organ-on-a-chip systems by dissociating 

organoids and then seeding the heterogeneous cell population into a membrane-based organ chip10. 

Even though vascular perfusion can be established in this format, the membrane physically 

restricts 3D biological remodeling that organoid culture offers. Therefore, there is a need to 

vascularize and perfuse organoids as is without cell dissociation or fragmentation to preserve the 

organ-level architecture and the remodeling capability of the organoids. The challenge we seek to 

address here is the incorporation of perfusable vasculature that could guide the development of 

organoids without using physical structures to artificially define and restrict biological structure 

and remodeling. We found the microvasculature to be in close proximity to the organoids and 

physically intertwine with the organoids. Active flow circulation through the vasculature around 

the organoids could potentially enhance mass transport across the organoid epithelium and 

improve organoid function. It’s also important to note that although the self-assembled vascular 

network does not have uniform structures and flow rates, native vessels do not either. This level 

of heterogeneity we see makes the biological model more physiological and certainly more 

interesting to study. Furthermore, the vessel structures are not static and can also vary from day to 

day. The self-assembled vascular network is constantly making structural adjustments in response 

to flow and to nearby organoids, which is a valuable physiological feature that we cannot acquire 

if we force uniformity on the system. 
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The platform also allows the organoids to be placed both inside and on top of the gel. However, in 

this work, we choose to embed the organoids inside the gel because we would like to introduce 

more contact areas between the organoids and the matrix to provide the vessels with more 

opportunities to intertwine with the organoids. In addition, supporting cells like fibroblasts were 

also incorporated in the gel. This embedding strategy is especially important to smaller epithelial 

organoids that don’t come with its own matrix. Without a supporting matrix, it will be difficult for 

the vasculature to grow upwards into the organoids if most parts of the organoids are exposed in 

suspension. For tissue explants or larger organoids, surface vascularization might be sufficient as 

the vessels will be able to grow into the organoids in the presence of significant tissue mass and 

matrix within the organoids. A potential advantage of surface vascularization is that the organoids 

will likely be less sensitive to the choice of the matrix, hence perhaps allowing the vascular 

environment and the organoids to be decoupled.  

 

The scalable, robust, and cost-effective manufacturing of this platform will be a significant 

advantage to the future commercialization of this technology. The minimalistic design of this 

platform simplifies the manufacturing process. In fact, with the industrial injection molding 

method, the manufacturing process will just require a simple modification to the design of the 

injection mold of a standard 384-well plate to include an array of short straight channels. The rest 

of the manufacturing process will remain the same. For this reason, there is no need to invent new 

manufacturing methods, which will significantly reduce the barrier and costs of translation.  
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2.6. Limitations  

With a perfusable vasculature in place, it remains to be seen if the size of these organoids could 

continue to increase and thus overcome the oxygen diffusion limitation for tissue growth. Future 

studies are also needed to confirm the feasibility of applying the same techniques to other types of 

organoids. Organ-specific endothelial cells could also be used for the vascular assembly to provide 

a more organ-specific microenvironment around the colon organoids25. In our future studies, we 

intend to analyze the change in organoid gene expression in response to the vascular co-culture. 

However, conventional transcriptome analysis of the bulk cell population will fall short for this 

complex culture environment that involves multiple types of cells in close proximity to each other. 

Single-cell sequencing might be needed to dissect the heterogeneous cell population. If it is critical 

to provide unidirectional recirculating flow in the biological model, the fluid circuit inside the plate 

can potentially be adapted based on recently published strategy26. Alternatively, the plate cap could 

be modified to include an array of microfluidic pumps to recirculate the media back to the inlets27. 

The shear stress we achieved in the microvasculature was still significantly below the 

physiological range. If shear stress is an important parameter to study, the height of the well plate 

could be increased to apply a higher pressure gradient. Furthermore, the incorporation of pericytes 

and smooth muscles has been shown to decrease vessel diameter, which will help increase shear 

stress inside the microvessels. Considering the large footprint of the 384-well plate, connecting 

multiple types of organoids between different wells through the perfusable vasculature is 

potentially feasible. It is also potentially possible to scale this method up to a 96-, or 24- well plate 

system. Given the right cell density, it appears the endothelial cells will have no problem 

connecting with each other and transport fluid across a large surface area.  

 



 59 

 

2.7. Conclusions 

Organoids will likely become an indispensable tool for biological research and drug discovery.  

We will continue to see an expanding application of organoids. For instance, organoids can also 

be used to study genetic mutations where mutations can be introduced by CRISPR/Cas9 systems, 

so precise control of gene expression allows for a detailed study of genetic manipulations. In 

addition to the application of biological modeling, another promising application is in regenerative 

medicine. Patient-derived organoids can be grown in the lab and transplanted back into the patient 

to correct disorders. For this application, the ability to mature and grow the organoid in vitro and 

then collecting the tissue for implantation becomes crucial. This is one of the key capabilities that 

IFlowPlateTM could provide.  
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2.10. Supplementary Materials 

Supplementary Figure 1. Optimization of thrombin concentration. Fluorescent images of self-

assembled vasculature with different concentrations of thrombin in Fibrin and Fibrin/Matrigel 

formulation for microvasculature (green) assembly in IFlowPlateTM. Lower thrombin 

concentration allowed the endothelial and fibroblast cells to settle at the bottom and facilitated the 

formation of continuous vascular networks. Scale bar, 1mm. 
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Supplementary Figure 2. Consistency in vascular perfusion. Fluorescent images of 

vasculatures (GFP green) perfused with 70kDa dextran (red) over time in multiple wells of an 

IFlowPlateTM. Scale bar, 1mm. 
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Supplementary Figure 3. Shear stress distribution in the vascular network on IFlowPlateTM . 

a, Fluorescent image of the vascular network perfused with red fluorescent particles (1um in 

diameter). b, Quantification of shear stress and shear stress distribution by tracking particle 

perfusion in the vascular networks. The histogram was produced by analyzing 18 regions from 6 

different wells.  
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Supplementary Figure 4. Organoid passaging. Brightfield images of dissociation, passaging, 

and growth of human colon organoids in pure MatrigelTM. Scale bar, 100 mm 
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Supplementary Figure 5. Association of vasculature and colon organoids. a, Histological 

section of vascularized colon organoids stained for CD31(dark brown). Scale bar, 100 mm.  
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3.1.  Abstract 

Organ-on-a-chip systems that recapitulate tissue-level functions have been proposed to improve in 

vitro–in vivo correlation in drug development. Significant progress has been made to control the 

cellular microenvironment with mechanical stimulation and fluid flow. However,  it has been 

challenging to introduce complex 3D tissue structures due to the physical constraints of 

microfluidic channels or membranes in organ-on-a-chip systems. Inspired by 4D bioprinting, we 

develop a subtractive manufacturing technique where a flexible sacrificial material can be 

patterned on a 2D surface, swell and shape change when exposed to aqueous hydrogel, and 

subsequently degrade to produce perfusable networks in a natural hydrogel matrix that can be 

populated with cells. The technique is applied to fabricate organ-specific vascular networks, 

vascularized kidney proximal tubules, and terminal lung alveoli in a customized 384-well plate 

and then further scaled to a 24-well plate format to make a large vascular network, vascularized 

liver tissues, and for integration with ultrasound imaging. This biofabrication method eliminates 
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the physical constraints in organ-on-a-chip systems to incorporate complex ready-to-perfuse tissue 

structures in an open-well design.   

 

3.2. Introduction  

To address the limitation in existing preclinical models, there is an increasing effort towards 

building advanced 3D human tissues by incorporating multiple cell types, scaffolds, and dynamic 

forces. Advances in biofabrication are an integral part of this effort. 3D bioprinting techniques, 

such as Freeform Reversible Embedding of Suspended Hydrogels (FRESH)1 and 

stereolithography2, have been used to build tissues with boundless structural complexity. However, 

although the tissue production process is generally automated, each 3D printed tissue construct 

needs to be manually connected for media perfusion or cell seeding before tissue culture can be 

initiated3. This represents a significant engineering manipulation step to transition from tissue 

printing to perfusion culture. On the contrary, an organ-on-a-chip system based on microfluidic 

devices or microtiter plates provides built-in perfusion connections4,5, but lacks the flexibility of 

introducing complex 3D tissue structures that are possible with 3D bioprinting6,7. Although many 

key functional features of complex organ systems can be replicated with organ-on-a-chip systems, 

the physical constraints of plastic microchannels and membranes in these closed microfluidic 

devices limit the structural design of the tissue microenvironment that can be engineered. To 

integrate perfusion and complex 3D tissue structures, microfluidic chips could be pre-fabricated, 

and perfusable networks can be subsequently introduced in the chip with a 3D laser beam 

microdissection technique8-10. While this technique produces high-resolution features, it can be 

slow and difficult to scale. Hence, producing tissues with unrestrained 3D structures, built-in 

connection for perfusion, and high scalability is not trivial and still much needed. 
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4D printing, defined as “3D printing + time”, is an emerging concept where the shape of a 3D 

printed structure can change as a function of time. For instance, encoded with localized swelling 

behavior, printed composite hydrogels can be programmed to build complex architectures that 

change shape over time when immersed in water11. We exploited this observation and further 

extended this concept to demonstrate that a flexible sacrificial material patterned on a 2D surface 

can change shape in 3D when in contact with a natural hydrogel solution. As the gel cross-links, 

the structurally transformed flexible sacrificial material is locked in place and can subsequently be 

degraded to produce perfusable networks, which are then populated with human cells to emulate 

complex organ-specific structures. We termed this method subtractive manufacturing with 

swelling induced stochastic folding due to the swellable and shape changing property of a 

sacrificial material. As a result, the sacrificial material initially patterned in 2D could easily 

integrate with a pre-designed microfluidic-based perfusion system and give rise to a 3D structure 

when triggered at a later stage. Furthermore, taking advantage of the scalability of 2D patterning, 

we adapted the technique to a high throughput format of a 384-well plate (here referred to as 

AngioPlate, Figure 1) on which we can readily transition from tissue fabrication to perfusion 

culture for an array of units.  

 

3.3. Materials and Methods 

AngioPlate fabrication 

Standard photolithography techniques were used to create each SU8 master mold. To create a 

negative mold, a PDMS (Ellsworth Adhesive, Cat# 4019862) mixture at a ratio of 1:30 was poured 

onto the SU8 master mold and cured at 47 °C overnight. The cured PDMS mold was soaked in 5% 
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w/v pluronic acid (Sigma Aldrich, Cat# P2443) for 30 minutes, washed with distilled water, dried, 

and then capped onto a plasma-treated polystyrene sheet (11.5 x 7.5 cm, Jerry’s Artarama, Cat# 

V16013). Assembled PDMS mold and polystyrene sheet were then transferred to a one-well plate. 

To fill the entire pattern with 3% w/v alginate solution (Sigma Aldrich, Cat# A2033), 75mL of the 

solution was poured into the one-well plate (VWR, Cat#30617-594) containing assembled PDMS 

mold and sheet. After the alginate solution filled up the patterned microchannels, the residual 

solution was aspirated out. To cross-link alginate, 75mL of 5.5% w/v calcium chloride solution 

(CaCl2) (Sigma Aldrich, Cat# 223506) was added and left to cross-link overnight. After cross-

linking, the residual CaCl2 solution was removed and rinsed with distilled water. Cross-linked 

alginate within the PDMS channels was then air-dried for 48 hours. Melted poly (ethylene glycol) 

dimethyl ether (PEGDM) (Sigma Aldrich, Cat# 445908) was then injected into the channels and 

allowed to fill at 70 °C for 1 hour to encapsulate and preserve alginate features. Once PEGDM re-

solidifies, PDMS mold was peeled off and the alginate fibers encapsulated in PEGDM were 

transferred onto the polystyrene sheet. The polystyrene sheet containing the patterns was then 

bonded onto a bottomless 384-well plate using a high viscosity PDMS glue (Ellsworth Adhesive, 

Cat# 2137054) at a ratio of 1:10. The assembled device was allowed to cure overnight at room 

temperature. Assembled devices were sterilized for 2.5 hours using 70% w/v ethanol and PEGDM 

was washed off during the sterilization process. The plates were air-dried inside a biosafety cabinet 

(BSC) for 12 hours and stored at 4 °C until use. 

 

Cell culture 

Green Fluorescent Protein-tagged Human Umbilical Vein Endothelial Cells (GFP-HUVECs, 

Donor sex: pooled from multiple donors, Angio-Proteomie, Cat# CAP-0001GFP) were grown in 
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Endothelial Cell Growth Media (ECGM2, (PromoCell, Cat# C-22011) in cell culture flasks coated 

with 0.2% w/v gelatin (Sigma Aldrich, Cat# G9391). Renal Proximal Tubule Epithelial Cells 

(RPTEC-TERT1,  male donor, Everycyte, Cat# CHT-003-0002) and Lung Alveolar Epithelial 

Cells (A549,  male donor, Cedarlane Labs, Cat# PTA-6231) were cultured as per manufacturer’s 

instructions. RPTEC-TERT1 cells were grown using the ready-to-use ProxUp media from 

Evercyte (Cat# MHT-003). A549 cells were cultured in F-12K media (Cedarlane Labs, Cat# 

302004) supplemented with 10% fetal bovine serum (FBS, Wisent Bioproducts, Cat# 098-150), 

1% penicillin-streptomycin solution (100X, Wisent Bioproducts, Cat# 450-201-EL) and 1% 

HEPES (1M, Wisent Bioproducts, Cat# 330-050-EL). Cells were grown in T75-cell culture flasks 

in an incubator maintained at 37 ºC and 5% CO2 until they were 80% confluency before being 

passaged for further experiments. Cells were strained through a 40 µm cell strainer to get a single 

cell suspension prior to cell seeding. All cells used in this work were between passages 2-6.   

 

Hydrogel casting and device operation 

Hydrogel used in our device was 10 mg/mL fibrinogen (Sigma Aldrich, Cat# F3879). Before 

hydrogel casting, the hydrogel was aliquoted into 125 µL aliquots and each aliquot was mixed with 

25 μL of thrombin (7 U/mL, Sigma Aldrich, Cat# T6884). Immediately after mixing, 25 μL of gel 

solution was then cast into each well. The plate was left in a BSC for 30 minutes to allow for 

gelation. Alternatively, neutralized Rat Tail Collagen (2-2.5mg/mL, Corning, Cat# CACB354249) 

with an extra 20% v/v D-PBS (Thermo Scientific, Cat# 14190144) can be used as another source 

of natural extracellular matrix. To degrade the alginate polymers, D-PBS supplemented with 1% 

Aprotinin was added to all wells and the platform was placed on a rocker at 4 °C for 48 hours with 

daily buffer change. Alternatively, DMEM containing 10% FBS, 1% penicillin-streptomycin, 1% 
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HEPES solution and 1% Aprotinin was added to all wells and the platform was placed in an 

incubator at incubated at 37°C and 5% CO2 for 48 hours with daily media change. The device was 

then primed again with cell culture media and incubated at 37°C and 5% CO2 for 24 hours prior 

to cell seeding. After removing all the media, 30 μL of fresh media was added into the middle well 

and 125 μL of the cell suspension (0.6 million cells/mL) was added to the inlet and outlet wells. 

The plate was placed flat in the incubator for 2 hours to allow cell attachment. After cell 

attachment, culture media was removed, and 50 μL fresh media was added to the middle well, and 

90 μL to the inlet and outlet wells. To initiate perfusion, the entire platform was placed on a 

programmable rocker that tilts at a 15° angle and alternates its tilting direction every 15 minutes. 

1% v/v aprotinin (2 mg/mL, Sigma Aldrich, Cat# 616370-M) was added to all media to prevent 

fibrin gel degradation. Media was changed every other day. For the vascularized kidney proximal 

tubule model, endothelial cells were seeded first, and proximal tubule cells were seeded on day 3 

from the inlets and outlets wells. For the vascularized alveolar terminal model, endothelial cells 

were seeded first from the inlets and outlets wells and the lung alveolar cells were seeded from the 

inlet well on day 3. To test alginate degradation, the networks were perfused with fluorescent FITC 

and/or TRITC latex beads (1.0 mm, Sigma Aldrich, Cat# L1030 and L2778), diluted at a ratio of 

1:5 in D-PBS. An image cytometer (BioTek Instruments Inc.) was used for imaging the networks. 

 

Kidney tubule permeability 

To assess the permeability of the kidney proximal tubules and vessels, we perfused the networks 

with 70kDa FITC and TRITC-labelled dextran (Sigma Aldrich, Cat# T1162). We added 90 mL of 

FITC and TRITC-labelled dextran (500 mg/mL) in D-PBS to the inlet well of the vessel and 

proximal tubules respectively and 60 mL of D-PBS to the tissue well. To visualize perfusion of the 
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dextran molecules through the tubular and vascular network, we used an image cytometer (BioTek 

Instruments Inc.). From the time-lapse perfusion images taken at 15-minute intervals, we 

calculated the diffusive permeability of the vascular and tubular network, Pd, as previously 

reported42,43. Ii and If are the average intensities at final and initial timepoint and Ib is the average 

background intensities. ɝÔ is the time interval and d is the average diameter of the tubule or vessel 

channels. 
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Glucose reabsorption assay 

To model glucose reabsorption carried out by the proximal tubules, we added ProxUp and ECGM2 

media mixed at 1:1 ratio and containing an additional 5.5 mmol/L of D-Glucose (Sigma Aldrich, 

Cat# G5767) to all the wells on days 5, 9 and 13. Media perfusates from the tubular and vascular 

networks were collected separately after 24 hours and glucose levels were measured using a 

calibrated glucometer (Contour® Next One meter).  

 

Cytokine assay 

To stimulate renal tissue injury, culture media containing 50 ng/mL of TNF-a were added to the 

vascular network and incubated at 37 oC for 12 hours. Tissues incubated with culture media not 

supplemented with TNF-a were used as control. After 12 hours, media perfusates from treated and 

untreated tubular and vascular channels were collected separately. The collected perfusates were 

then centrifuged at 1000 rpm to remove cell debris and the supernatants were collected and stored 

at -80 ºC until analysis. The collected supernatant was sent to Eve Technologies for quantifying 

pro-inflammatory cytokines using Human Cytokine Array Proinflammatory Focused 15-plex 
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panel (Cat# HDF15). The tissues were also fixed and stained for ICAM-1 and ICAM-1 expression 

was quantified using ImageJ from the fluorescent images. 

 

Fabrication of AngioPlate lid for mechanical actuation 

A SU8 master mold patterned with air distribution channels were made with standard 

photolithography technique (See Supplementary Figure 6 for specific design dimensions). 

PDMS was mixed at a ratio of 1:10 and poured onto the SU8 master mold and left to cure at room 

temperature for three days. The PDMS sheet was then de-molded and trimmed to match the 

dimensions of a standard 384-well plate. An array of 2 mm holes was punched in the channel 

outlets using a biopsy punch (VWR, Cat# 21909-132). A hole was drilled on a plate lid (VWR, 

Cat# 10814-226) for the air inlet. 10-15 g of PDMS at a ratio of 1:10 ratio was then poured onto 

the lid. The drilled hole was temporarily blocked with a 1000 μL pipette tip (Fisherbrand, Cat# 02-

707-507). To make O-rings, approximately 10-15 g of PDMS at 1:30 ratio was poured onto a one-

well plate and left to cure for two days at room temperature. The 40 O-rings were made from the 

PDMS sheet with a 10 mm puncher (VWR, Cat# CA-95039-098) for the outer perimeter and a 2 

mm biopsy puncher for the inner perimeter. The PDMS sheet with the air distribution channels and 

the plate lid with PDMS cover were both plasma-treated using an Electro-Technic Products Corona 

Plasma treater (Model BD-20AC). They were then bonded to each other. Next, the O-rings were 

aligned to the channel outlets and bonded to the assembled plate lid with plasma treatment. A 

silicon tubing with an outer diameter of 4 mm was then glued to the air inlet hole on the plate lid. 

The tubing is then connected to a syringe filter, another tubing extension, and then lastly, an 

external ventilator (Harvard Apparatus, Model 683 Volume Controlled Small Animal Ventilator, 

Cat# 55-0000). Before mechanical actuation, the plate lid was sterilized using 70% ethanol. The 
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plate lid is secured onto the well plate with three rubber bands to ensure an air-tight seal. The 

ventilator was set to actuate the tissues at 2.5 cc tidal volume and 30 breathes/min. The actuation 

process was visualized using a Nikon brightfield microscope and analyzed from the recorded video 

using the PIV plugin in ImageJ. 

 

Immunostaining and histology 

To prepare for immunostaining, culture media was first removed from all wells and the tissues 

were washed with D-PBS three times. The tissues were fixed in 4% paraformaldehyde solution 

(Electron Microscopy Sciences, Cat# EMS 15710-S) at 4 °C overnight. Fixed tissues were washed 

with D-PBS, then blocked and permeated overnight at 4 °C under perfusion with 10% FBS 

containing 0.1% TritonTM X-100. Then the tissues were incubated in primary antibody solution for 

48 hours at 4 °C followed by D-PBS wash at 4 °C for 48 hours to remove residual primary 

antibodies from the gel. Secondary or conjugated antibodies were added along with DAPI and 

incubated for 48 hours at 4 °C. The tissues were then washed with D-PBS for 48 hours at 4 °C 

prior to imaging with image cytometer. Dilutions used for all antibodies are shown in the table 

below. For 3D confocal images, stained tissues were imaged using Leica SP5 confocal microscopy. 

For histology sectioning, tissues were fixed in 10% formalin solution for 48 hours before being 

processed at the Histology Facility of McMaster University. The transmission electron microscope 

images showing the subcellular features of the endothelium were imaged with the Transmission 

Electron Microscope at the Electron Microscopy Facility of the Canadian Centre for Electron 

Microscopy at McMaster University.   
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Antibody used and Catalogue # 

Antibody Type Host Dilution Brand, Cat# 

     

F-actin Conjugated - 1:200 Cayman Chemical, 20553-300 

CD31 Primary Rabbit 1:10 Abcam, ab28364 

     

a-tubulin Primary Mouse 1:200 Sigma-Aldrich, T7451 

SGLT2 Primary Rabbit 1:200 Abcam, ab85626 

Na/K ATPase Primary Rabbit 1:200 Abcam, ab76020 

ICAM-1 Primary Mouse 1:100 Abcam, ab2213 

DAPI - - 1:1000 Sigma-Aldrich, D9542 

FITC Secondary Goat 1:200 Sigma-Aldrich, F0257 

Alexa Fluor 488 Secondary Goat 1:200 Abcam, ab150077 

Alexa Fluor 594 Secondary Goat 1:200 Abcam, ab150120 & ab150080 

 

Statistical analysis 

SigmaPlot and Prism were used for all statistical analyses. All data were tested for normality and 

equality of variance. To determine statistical significance, one-way ANOVA or one-way ANOVA 

on ranks with the Holm-Sidak method was applied. Data in all graphs were plotted as mean with 

standard deviation using Graphpad and at least three independent samples were used per condition 

for all quantitative analysis.  
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3.4. Results 

3.4.1. Subtractive manufacturing with swelling induced stochastic folding 

Our objective is to develop a scalable 3D tissue culture platform (AngioPlate) that includes built-

in fluid connections as in most organ-on-a-chip systems but also a way to obtain tissues with a 

high level of structural complexity as made possible with 3D bioprinting. To achieve this, we 

proposed using a flexible sacrificial material that can be patterned in 2D so that it can be integrated 

into a micro channel-based device for perfusion but can also transform in 3D to produce complex 

structures when triggered by hydration. The flexible sacrificial material should be inert, 

patternable, and compatible with various natural hydrogel matrices. Most importantly, it should 

also degrade in response to a second trigger to carve out a 3D network inside a hydrogel. In search 

of a material that meets these criteria, we converged on a well-known biomaterial, alginate, which 

can be rapidly cross-linked and degraded in response to calcium ions. Alginate has been widely 

used in biological applications as tissue scaffolds12 and drug delivery carriers13. Using a 

combination of techniques, including standard photolithography and diffusion-based calcium 

gelation (Supplementary Figure 1), we patterned an array of 128 networks of branched alginate 

fibers on a polystyrene sheet corresponding to the format of a 384-well plate. The patterned 

alginate fibers were dried first (Supplementary Figure 1) and then assembled against a bottomless 

384-well plate (Figure 1a). In this format, the plate can be packaged, sterilized with gamma 

radiation, and then stored.  When using the plate, 25 mL of hydrogel solution (Fibrin or 

Collagen) were dispensed onto the alginate network to rehydrate the alginate (Figure 1b, step 1). 

During incubation, the dried alginate network quickly swelled, detached from the polystyrene base, 

and changed shape inside the hydrogel (Supplementary Video 1). Then the hydrogel is cross-

linked at 37C̄ (e.g., Collagen and Matrigel) or through enzymatic reaction (e.g., fibrin), locking 
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the folded alginate structure in place (Figure 1b, step 2). Finally, phosphate buffered saline (D-

PBS) or culture media with low calcium and magnesium concentration (Ca2+<200mg/mL and 

Mg2+<100mg/mL) was used to extract the calcium from the alginate and dissolve away the alginate 

network, resulting in an open perfusable network that is pre-designed to connect with the 

inlet/outlet wells for perfusion (Figure 1b, step 3). Perfusion was initiated with gravity-driven 

flow by simply tilting the plate at a 15 ̄angle on a programmable rocker (Figure 1b, step 4). To 

ensure the stability of the tissue model over time, the fibrin gel used was highly adhesive and can 

attach to the polystyrene surface to form a tight seal that prevents leakage. Further, the endothelial 

cells can grow into the inlet/outlet channels which help in forming a continuous barrier at the 

transition between the plastic and the gel interface. With 1% aprotinin added fresh every other day, 

fibrin gel degradation was completely prevented. The hydrogel scaffolding was stable, even in the 

presence of fibroblasts. This feature of fibrin gels is important when compared to collagen, where 

gel compaction and degradation can be a major issue in long-term culture. However, extra care is 

needed when working with fibrin gel as the cross-linking speed need to be fine-tuned by 

controlling the concentration of thrombin used since slower gelation time caused alginate features 

to dissolve resulting in incomplete network formation inside the hydrogel. (Supplementary 

Figure 2). Fibrin gel stiffness can also be modified by changing the concentrations of both 

fibrinogen and thrombin to mimic tissue specific matrix stiffness. Previously, it has been shown 

that as the concentration of fibrinogen and/or thrombin increase, the structural modulus of matrices 

increases, yielding stiffer fibrin matrices14. 

 

The extent of alginate folding is determined by the cross-linking speed and viscosity of the 

hydrogel solution and can result in completely distinct structures from the same initial design, 
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which adds one more dimension of control. However, even under the same gelling conditions, the 

exact positioning of resulting networks will vary in the 3D space (Figure 1c-e, Supplementary 

Figure 3). In the native tissue, no two biological structures are identical. Hence, this degree of 

stochasticity is natural. Despite the stochastic behavior, distinct vessel network organizations that 

resemble various organs or even various parts of an organ can be captured (Figure 1f-j). The 

overall architectural design (i.e., the diameter, density, and location etc.) was pre-defined in the 

initial design. We have built a 3D network resembling a convoluted tubule (Figure 1f), an 

intricately folded glomerular vessel in a kidney (Figure 1h), densely packed vessels in a liver 

(Figure 1i), and well-aligned vessels as in a muscle (Figure 1j). Although a significant structural 

transformation from the initial design is not always necessary, the detachment of alginate from the 

plastic base due to alginate swelling is useful to create a softer microenvironment that is away 

from direct contact with the hard plastic for seeded cells.  

 
 

Figure 1.  Subtractive manufacturing with swelling induced stochastic folding of sacrificial 

materials for fabricating complex perfusable tissues. a, Image of encapsulated alginate fiber 
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networks in a 384-well plate. b, Schematic on the use of AngioPlate, which includes gel casting, 

folding of the alginate network in the hydrogel, and degradation of the sacrificial alginate template. 

c, Illustration of a generic bifurcating network design. d, Perfusion fluorescent particles (1 mm, 

green) through the assembled 3D network in a hydrogel matrix based on the generic bifurcation 

network design shown in c. Scale bar, 1 mm. e, Perfusion of multiple networks in AngioPlate. 

Scale bar, 2 mm. f-j, Image of organ-specific networks with structural variation from different 

initial designs shown on the left and the resulting 3D network perfused with fluorescent particles 

(1 mm, green) for visualization on the right. Scale bar, 1 mm. 

 

3.4.2. Vascularized proximal tubule complex  

Expanding the technique, we incorporated multiple individually perfusable networks within the 

same matrix to reproduce the spatially intertwined vascular-tubular networks that emulate the 

vascularized proximal tubule complexes in a kidney (Supplementary Figure 3a-d), as well as 

terminal lung alveoli composed of both alveolar duct and sac components (Supplementary Figure 

3e-c). For the kidney model, we have three networks perfused with three inlet and three outlet 

wells (Figure 2a). The networks were designed to be in proximity to each other as much as 

possible to facilitate mass transport (Figure 2b-c). However, to prevent the networks from merging 

with each other, we purposely kept a minimum distance of 100 µm in between the channels. This 

is likely the minimal distance on how close these networks could be placed together due to the 

limitation with microfabrication. Despite this initial distance, due to the stochastic folding of the 

networks in some areas, two networks could still be in contact with each other. However, we have 

noticed that even when the vascular channel is in direct contact with the kidney tubule channel, 

the proximal tubule cells tend to not mix with the endothelial cells thereby keeping the two 

compartments separated.  
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The proximal tubule cells formed a confluent epithelium that tends to be thicker than the 

endothelium barrier (Figure 2d-e). The tubular epithelium contains primary cilia labeled by a-

Tubulin (Figure 2f) which are involved in maintaining renal fluid flow15, glucose transporter 

SGLT2 (Figure 2g), and Na+/K+- ATPase (Figure 2h), which are key transport proteins involved 

in glucose reabsorption16,17. We also found that the epithelial cells can deposit laminin which forms 

the basement membrane on the basal side of the epithelium (Figure 2i). The tissues can also be 

extracted and sectioned for immunohistochemistry (Figure 2j). Both the tubular and the vascular 

compartments maintained high barrier function that can confine large proteins (Figure 2k-l). 

Glucose reabsorption being one of the primary function of proximal tubules, wherein glucose 

filtrate is transported from renal tubules back into the blood16,17, we utilized our kidney model to 

demonstrate this key process in renal physiology. Since in our model, both proximal tubules and 

vasculature can be independently perfused, we quantified glucose levels in both renal tubule and 

vasculature from their respective media perfusates. As expected, we observed that by day 14 post 

confluency, a glucose gradient between the tubule and the surrounding vasculature can be 

established 24 hours after glucose injection into all networks indicating the presence of glucose 

reabsorption function in the tissue (Figure 2m).  
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Figure 2. Vascularized proximal tubule complex in AngioPlate. a, Configuration of AngioPlate 

that allocates three inlet wells and three outlet wells for each kidney model. b, Design of the 

vascular proximal tubule complex and the resulting acellular network perfused with FITC particles 

(1 mm, green) and TRITC particles (1 mm, red) for visualization. Scale bar, 1 mm. c, AngioPlate 

capillary-proximal tubule complex seeded with GFP-HUVECs (green) and kidney proximal tubule 

cells on day 7. Scale bar, 1 mm.  d, Zoomed-in time-lapse images of capillary-proximal tubule 

complex throughout the cell seeding process. Scale bar, 250 mm. e, Quantification of the thickness 

of epithelium and endothelium on day 7, n=3. f, Confocal image of a proximal tubule stained for 

F-actin (red), a-tubulin (green), and DAPI (blue). Scale bar, 100 mm. g-i, Fluorescent images 

showing the cross-section of the proximal tubule epithelium stained for F-actin (red), SGLT2 

(green), Na/K ATPase (green), Laminin (green), and DAPI (blue). Scale bar, 100 mm. j, Histology 

tissue section of a proximal tubule stained with Masson’s trichrome. Insert showing a fixed whole 

tissue removed from the device ready for histological sectioning. k, Capillary-proximal tubule 
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complex perfused with TRITC-Dextran (red, 70kDa) in the tubule and FITC-Dextran (green, 

70kDa) in the vascular network. Perfused networks imaged at 15 minute intervals. Scale bar, 1 

mm. l, Quantification of diffusive permeability to 70kDa dextran, n=3. m, Glucose levels in media 

perfusate from vascular and tubular networks on days 6,10 and 14, n=3. Proximal tubule cells were 

seeded on day 4. Statistical significance was determined using one-way ANOVA. *P¢0.05 

**P¢0.01 ***P¢0.001. ns indicates not significantly different. 

 

3.4.3. Modeling renal inflammatory response in AngioPlate 

To model inflammatory disease condition in the kidney model, the tissues were stimulated with 

TNF-a. TNF-a was perfused through the vasculature for 12 hours (Figure 3a). Previously, TNF-

a stimulation of vasculature has been shown to upregulate the expression of both adhesion 

molecules and cytokines to aid activation and recruitment of immune cells18.  As expected19, the 

expression of ICAM-1, a surface glycoprotein important for leukocyte adhesion and 

transmigration, on the endothelium was significantly increased in response to TNF-a treatment 

(Figure 3b-c). The perfusates from both the vascular and tubular compartments were collected 

and analyzed for a range of cytokines secreted by the cells. Consistent with previous findings20,21, 

TNF-a stimulation resulted in a significant increase in the production of cytokines such as IL-8 

which is involved in recruitment of neutrophils, MCP-1 and GM-CSF which are responsible for 

recruiting circulating monocytes which is a typical process that takes place during tissue 

inflammation (Figure 3d). We observed an increasing trend for IL-6. TNF-a has been shown to 

have lesser effect on the production of IL-6 compared to other inflammatory stimulants20. We did 

not expect to see any changes in the other 11 cytokines which were part of the inflammatory 

cytokine panel analyzed. (Supplementary Figure 4). Although a strong effect was observed in 

the vascular compartment, the effect on the kidney tubule is relatively mild as most TNF-a 

delivered through the vasculature was confined within the vasculature within the 12-hour treatment 
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period. This indicates the source of inflammation (vascular circulation or tissue parenchymal) will 

have an effect on tissue response, at least in the short term. We did, however, suspect there is 

occasional leakage in the vascular or the tubular compartment due to injury which can lead to a 

different cytokine profile in the tubular compartment as shown by the outlier data points in TNF-

a, IL-8, GM-CSF secretion (Figure 3d).  

 

 
 

Figure 3. Cytokine secretion analysis of vascularized proximal tubule complex under 

inflammation. a, Experimental setup for TNF-a stimulation and sample collection for cytokine 

analysis. b, Tissues stained for ICAM-1 (red) and DAPI (blue) after TNF-a stimulation. Scale bar, 

1 mm. c, ICAM-1 expression levels quantified using ImageJ, n=3. d, Quantification of cytokine 

levels in media perfusates, n=3. Statistical significance was determined using one-way ANOVA 

and one-way ANOVA on ranks with the Holm-Sidak method. ns indicates not significantly 

different. *P¢0.05 **P¢0.01 ***P¢0.001. ns indicates not significantly different. 

 

3.4.4. Vascularized terminal lung model  

To develop a vascularized terminal lung alveoli model, three inlet and two outlet wells were used 

(Figure 4a). We developed a structure resembling the terminal lung alveoli with an alveolar duct 

and five alveolar sacs with no outlets (Figure 4b). Because the fibrin gel is porous, alveolar cells 
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can still be seeded into the network as culture media escapes the network via interstitial flow 

through the porous gel while carrying the cells into the network. The vascular networks on either 

side of the alveoli structures are perfusable and populated with endothelial cells. In 4 days, the 

alveolar epithelial cells can coat the entire alveolar network (Figure 4c-e). From day 4 to day 7, 

we found the epithelium thickness significantly increased, a sign of maturation (Figure 4e). On 

day 7, the alveolar epithelium barrier becomes polarized as indicated by the stronger F-actin 

staining developing on the apical side of the epithelium (Figure 4f). The lung alveolar epithelium 

is in close proximity to the vasculature where in some locations the two structures physically 

touched each other but maintained distinctly separated (Figure 4g). Histology tissue sections 

showed the presence of intercellular junctions as visualized by E-Cadherin staining as well as 

CD31 positive vascular networks in close proximities to the alveoli sac (Figure 4h). The histology 

section shows the cancerous alveolar cell line (A549) has the tendency to multilayered structures 

due to the lack of contact inhibition22. The alveolar chamber can get overpopulated over time and 

cells can physically obstruct the entire chamber around one week after confluency. Because of this, 

a different non-cancerous cell line or healthy primary cells might be needed to establish a more 

stable model. 

 

To demonstrate that the lung structure can be mechanically induced to simulate breathing, we 

developed a customized lid with an array of microchannels that can distribute air to the inlet wells 

of the lung alveoli structure (Supplementary Figure 5). The customized lid was connected to a 

ventilator which can repeatedly pump air in and out of the inlet wells of the alveoli structures 

through the air distribution channels. In response to changing air pressure, we observed the lung 

alveolar duct and sac could physically expand (Figure 4i). The extent of the expansion increases 
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with increasing pressure inputs (Figure 4j-k). This demonstration indicates that complex 3D 

branched structures without any outlets can also be created using our subtractive manufacturing 

technique and the built-in perfusion connection is robust even to withstand mechanical stimulation. 

Previous studies have shown that lung cells can respond differently in the presence of mechanical 

stimulation23,24. Our future work will explore the effects of mechanical actuation on cellular 

response to injury and drugs in our platform. The other major advantage of our lung model is the 

presence of interstitial matrix which is a key component of the air-capillary barrier in the alveoli. 

This would allow us to embed supporting cells such as fibroblast in the matrix to model interstitial 

diseases such as pulmonary fibrosis where ECM drives the disease progression25. However, 

removing liquid from this 3D structure to establish an air-liquid interface was challenging and will 

require further optimization. But recent studies showed that lung epithelium could also maturate 

under immersion without the air-liquid interface26, which could be a better approach for this model. 
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Figure 4. Vascularized terminal lung alveoli in AngioPlate. a, Configuration of AngioPlate that 

allocates three inlet wells and two outlet wells for each terminal lung alveoli model. b, Design of 

the vascularized alveoli terminal with alveolar duct and sac and the resulting network perfused 

with FITC microparticles (1 mm, green) and TRITC microparticles (1 mm, red) for visualization. 

Scale bar, 1 mm. c, Vascularized alveoli terminal seeded with GFP-HUVECs (green) and alveolar 

epithelial cells (A549) on day 7. Scale bar, 1mm. d-e, Image and quantification of alveolar 

epithelium thickening over time, n=3. Scale bar, 100 mm. f-g, Fluorescent images of the cross-

section of the vascularized alveolar sac stained for F-actin (red) and DAPI (blue). Scale bar, 500 

mm.  h, Histology cross-section of a vascularized terminal alveoli stained with Masson’s trichrome, 

E-Cadherin and CD-31. Scale bar, 100 mm. i, A frame of a video that shows the physical expansion 
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of the alveoli terminal actuated by a ventilator. Scale bar, 500 mm. j-k, Vector map and 

quantification that show the physical expansion of an alveolar sac at different levels of ventilation 

pressure, n=5 alveoli. Statistical significance was determined using one-way ANOVA. *P¢0.05 

**P¢0.01 ***P¢0.001 

 

3.5. Discussion 

For the first time, highly complex hydrogel-embedded perfusable tissues can be integrated with 

multi-well plates to mimic tissue specific structures and interfaces without the use of synthetic 

membranes or plastic channels32,33. Furthermore, unlike other 3D bioprinted tissues that requires 

multiple steps of device assembly to introduce perfusion3, our method provides built-in vascular 

and tubular connections to the biofabricated tissues directly inside a standard 384-well plate. There 

is no manual procedure needed to establish connection and perfusion, making the system more 

scalable and user-friendly. The subtractive manufacturing technique not only takes advantage of 

the scalability of 2D patterning to integrate with widely adopted multi-well plates for ease of use 

but also applies a swellable sacrificial material to transform a 2D pattern into a 3D perfusable 

structure for improved model complexity. Because the network structures are pre-fabricated, the 

time it takes to build tissues using the AngioPlate is just the typical duration for matrix gelation. 

Therefore, different from 3D printing, cells or tissues embedded within the gel matrix will 

experience minimal stress during the biofabrication process.  

 

Compared to a previous published platform, IFlowPlate, from our group, which also allows for the 

generation of high-throughput vascularized tissues, the AngioPlate provides users with the 

capability to create hierarchical vascular networks with pre-defined number of vessel branches and 

diameters 34,35. AngioPlate also allows users to create perfusable epithelial tubes that don’t easily 

self-assemble like endothelial cells. When compared to the previously published InVADE 
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platform, epithelial tissues on AngioPlate does not contain a thick polymer wall which creates an 

artificial barrier that doesn’t allow for mechanical actuation36,37. Although the swelling induced 

stochastic folding method introduces structural variations as we have characterized 

(Supplementary Figure 3b), these structural variation were not significant enough in preventing us 

from capturing significant changes to vessel permeability caused by cytokines or toxins (Figure 

2c) or glucose transport (Figure 3m), which means the system can be used for biological studies, 

especially with significant experimental samples supported by the high-throughput format of this 

platform. 

 

The use of fibrin is also an important aspect of the tissue fabrication process. We found fibrin 

strongly adhere to the polystyrene surface to form a tight seal between the inlet and outlet 

connection channels and the network inside the gel. These connections are strong enough to not 

only withstand gravity driven perfusion but also mechanical actuation by an external ventilator. 

Collagen on the other hand results in weaker adhesion and connection, sometimes delaminate from 

the polystyrene surfaces. The use of gravity driven flow provides enough pressure to perfuse the 

networks with various sizes to support cell growth. However gravity driven flow is not designed 

to achieve physiological shear stress in these vessels. The shear stress in these engineered vessels 

are usually below 1 dynes/cm2. The networks in the 384-well version of AngioPlate are sufficiently 

perfused with gravity driven flow.  

 

Another key feature of our platform is the open-well design. Different from the conventional 

closed microfluidic-based systems, our device allows easy tissue extraction for downstream 

analysis. We demonstrated that not only is the platform compatible with histopathological 



 91 

assessment, which is the gold standard in clinical diagnosis of disease and drug injury, but when 

scaled up, is also compatible with clinical imaging techniques, such as photoacoustic imaging. 

Molecular analyses including RNA sequencing and proteomics are also possible experimental 

readouts with this system. These features could allow direct comparison of the in vitro data with 

human clinical data in future studies for model validation.  

 

The open-well design also allows pre-fabricated tissue to be easily added to each well. For 

instance, a monolayer of organ-specific epithelial cells could be cultured on the top surface of the 

gel with a supporting perfusable vascular network underneath. Alternatively, tissue spheroid, 

organoids or tissue explants could be vascularized by placing on top of the gel and the supporting 

vascular bed. The platform could also potentially be integrated with extrusion-based 3D printing 

in the future to expand model complexity further. By having an open-well design and by removing 

the geometric constrain of synthetic membranes or microfluidic channels, the platform becomes 

highly versatile. The tissue models, built entirely inside a natural hydrogel with no restrictive 

boundaries, could be seeded with stem cell-derived organoids and serve as the initial structural 

template to study tissue development and morphogenesis38. Lastly, when using our device, users 

need only pipetting techniques for handling all reagents. It does not require users to assemble tubes 

or pumps, making the platform compatible with the robotic fluid handling system for automation. 

 

From the aspect of device fabrication, our current process uses PDMS glue to bond a bottomless 

well plate with a polystyrene base. PDMS is prone to drug adsorption39 and may need to be 

replaced depending on the application. In addition, the spread of the PDMS glue into the middle 

well is not always easy to control, which could damage the patterned features and lead to device 
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failure. This problem is mitigated in larger wells such as in the 24-well plate design. Because the 

platform is fabricated in a lab setting, some quality control steps are still needed to eliminate any 

damaged structures caused during fabrication. Compared to our previously published platform 

with a simpler design, the increased complexity of AngioPlate with multiple inlet and outlets 

required for perfusion does reduce experimental throughputs. The current design allows maximum 

of 40 kidney and lung tissues to be made per plate. However, to compensate for any loss of tissue 

due to quality control, around 20 tissues are usually routinely established per plate. The main point 

of failure we often encounter is in the plate gluing step which can be improved with the use of 

pressure sensitive adhesive, hot embossing bonding or laser welding methods that are more 

accessible in industry. Because of the lack of access to these industrial techniques, PDMS glue was 

used to bond the plastic device which inevitably involves additional fabrication steps that are prone 

to failure.  

 

From a design aspect, different from 3D printing, our current method does not provide the 

flexibility of changing the design on demand. However, the master molds we used for alginate 

patterning could be 3D printed without the time-consuming photolithography step, which would 

combine the scalability of the 2D patterning with the versatility of 3D printing to allow rapid design 

iterations. Alternatively, the patterned 2D alginate features could be directly 3D printed with an 

extrusion-based 3D printer without using any PDMS molds, which could significantly shorten the 

fabrication process while providing even more design flexibility.  

 

To avoid the use of any calcium chelating agents that could potentially damage cells, we used 

buffer or culture media with low calcium ion concentration for the degradation of the alginate 
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sacrificial material. This degradation is a slower process that can last two days. But considering 

the overall length of a typical culture and tissue maturation process, this is a minor delay from an 

end-user perspective. During tissue culture, it’s important to note that media perfusion is entirely 

driven by gravity which varies over time due to the depletion of the pressure heads. Moreover, the 

flow pattern is bi-directional. If a constant unidirectional flow is required, customized lids with 

built-in microfluidic pumps could be used to recirculate the media from outlet wells back to inlet 

wells to maintain fluid pressure33.  

 

3.6. Conclusions 

The trade-off between model complexity and experimental throughputs has been a long-standing 

issue40. More studies are needed to understand the level of tissue complexities that are necessary 

in model systems which is likely specific to the biological question of interests. But when complex 

tissue structures and the use of natural extracellular matrix are needed, the subtractive 

manufacturing technique could offer a new way of approaching tissue production and culture to 

close the existing disparity between model complexity and throughputs. Moreover, the emergence 

of stem cell-derived organoids will require platform technology that can accommodate organoid 

growth with an amenable matrix and offer perfusion capability without compromising 

experimental throughputs7. In future work, the integration of organoids and the AngioPlate 

platform could be explored41.  
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3.9. Supplementary Materials 

 

Supplementary Figure 1. Step-by-step fabrication of AngioPlate-384. First, using standard 

photolithography, we fabricated a PDMS mold with various patterns connected to an inlet and 

outlet well. The mold was then capped onto a polystyrene sheet to form an array of micro-channel 

networks. The networks were loaded with 3 wt.% alginate solution. Next, the entire mold was 

immersed in a calcium bath (1 mM), where calcium ions gradually diffused from the inlet and 

outlet wells into the alginate solution within the network, cross-linking the alginate overnight. With 

this approach, we were able to pattern 128 independent alginate fiber networks in the format of a 
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384-well plate. PEGDM solution was injected into the channels in the same way to encapsulate 

the alginate fiber to facilitate alginate release and to create the inlet/outlet channels. Finally, the 

polystyrene sheet patterned with alginate and PEGDM was assembled onto the base of a 

bottomless 384-well plate, encasing and sealing the alginate networks with a high viscosity PDMS 

glue.  

 
 

Supplementary Figure 2. Optimization of hydrogel matrix cross-linking condition for 

network formation. Fluorescent images of networks perfused with 1 mm fluorescent particles 

(green) under various gelling conditions in both collagen-based gel and fibrin-based gel. Red boxes 
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label the good conditions that resulted in the formation of complete perfusable networks. Scale 

bar, 2mm.  

 

 

 
Supplementary Figure 3. AngioPlate-Lung and Kidney. a, Time-lapse brightfield images of a 

vascularized proximal tubule complex. Endothelial cells were seeded on day 0 and tubular cells 

were seeded on day 3. b, Variation in the structure of the vascular proximal tubule complex 

resulting from alginate folding. Scale bar 1 mm. c-d, Fluorescent images of vascular proximal 

tubule complex stained for F-actin (red) and DAPI (blue). e, Time-lapse brightfield images of a 

vascularized alveoli terminal. Endothelial cells were seeded on day 0 and Alveolar cells were 
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seeded on day 3. f, Variation in the structure of vascularized alveoli terminal resulting from alginate 

folding. Scale bar 1 mm. g-h, Fluorescent images of a vascularized alveoli terminal stained for F-

actin (red) and DAPI (blue). 

 

 

 
 

Supplementary Figure 4. Cytokine assay of inflammatory kidney. Cytokine analysis of media 

perfusates from tissues treated with or without TNF-a, n=3. Statistical significance was 

determined using one-way ANOVA and one-way ANOVA on ranks with the Holm-Sidak method. 

ns indicates not significantly different. *P¢0.05 **P¢0.01 ***P¢0.001 
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Supplementary Figure 5. Mechanical actuation lid design, dimension and assembly. a, Image 

of the plate lid on an AngioPlate. b, Top-down view of the actuation lid. c Top-down view of the 

actuation lid on our device without the O-ring array to show alignment with the wells in an 

AngioPlate. d, Assembly of different parts in the actuation lid. e-g, Dimensions and design of parts 

of the plate actuation lid, including the air distribution circuit and the o-rings. All labels are shown 

in mm.   
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4.1.  Abstract 

Renal tubular injury is the leading cause of acute and chronic kidney diseases, resulting in a decline 

in kidney function. This condition occurs when renal proximal tubular epithelial cells sustain 

damage from various sources such as nephrotoxins, ischemic events leading to tubular interstitial 

fibrosis and eventually organ failure. Despite its severity, the pathophysiology of several renal 

tubular injuries remains inadequately understood with no treatment due to lack of predictive 

preclinical models. Building on our previous work, here we report an engineered 3D perfusable 

renal proximal tubules modeled in AngioPlate, a high-throughput microfluidic platform in a 384-

well plate format. Furthermore, we developed a rapid, non-invasive and automated Trans Electrical 

Epithelial Resistance (TEER) device called AngioTEER, that can be integrated with AngioPlate 

for real-time monitoring of tubular barrier integrity in health and in response to injury. Through 

this platform, we successfully modeled cisplatin-induced tubular injury and leveraged our 

platform’s ability to produce perfusable networks embedded in natural hydrogel matrix to model 

renal fibrosis by co-culturing fibroblasts with renal proximal tubules. This work demonstrates the 

versatility of our engineered 3D renal proximal tubule model and holds the potential to unlock new 
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avenues for a deeper understanding of underlying renal disease mechanisms and potential 

treatment options. 

 

4.2.  Introduction  

The kidneys serve as a vital filtration system within our bodies, with their primary role being the 

removal of waste products from the bloodstream and the production of urine. They also play a 

crucial role in regulating fluids, electrolyte levels and blood pressure, thus contributing 

significantly to maintaining overall homeostasis in our body1. The proximal tubules of the kidneys 

are the primary functional unit, responsible for the reabsorption of water, nutrients, and electrolytes 

from the glomerular filtrate back into the bloodstream2. While renal damage can manifest 

anywhere in the kidneys such as the renal vascular system, glomeruli or the collecting ducts, it is 

often the proximal tubule (PT) that bears the brunt of injury due to its high metabolic activity and 

direct exposure to filtrate components3-5. Renal tubular injury, in which the renal proximal tubule 

cells are damaged due to exposure to various drugs, nephrotoxins, viruses, ischemia, is one of the 

leading cause of acute and chronic kidney diseases. Despite 20% of the drugs failing in later stages 

of clinical trials due to nephrotoxicity, only 2% of this failure is captured in existing preclinical 

models6-8. These discrepancies are likely due to the loss of polarization and expression of key 

transporters often observed in traditional two dimensional (2D) culture of renal epithelial cells in 

the absence of physiological cues such as tubular flow, shear stress and extracellular matrix all of 

which are critical for renal function9. Therefore there is a need for kidney preclinical models that 

can better predict renal injuries. Although several kidney-on-chip models10-14 have successfully 

recapitulated many key structural and functional features of proximal tubules for assessing 

nephrotoxicity, most of these platforms often lack throughput10,11 or have physical constraints such 
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as membranes or plastic channels12-14. This restricts their ability to model interstitial diseases such 

as renal fibrosis, which requires an amenable matrix that can undergo remodeling by supporting 

cells in the interstitium during disease progression15,16. 

 

In this work, we leveraged our previously published high-throughput microfluidic platform, 

AngioPlate17, to construct engineered 3D perfusable renal proximal tubules to model tubular 

injuries in response to nephrotoxic drug cisplatin, hypoxia and reperfusion. This platform allows 

us to generate 128 sets of engineered proximal tubules that can be independently perfused without 

the need of any pumps10,11. Moreover, the entire proximal tubule is embedded in a natural hydrogel 

matrix without any physical constraints11,13,14. To facilitate continuous assessment of the damage 

to renal tubular barrier in response to injury, Trans Electrical Epithelial Resistance (TEER) is 

commonly used in preclinical models due to its ability to assess damage without disturbing the 

cells or cellular microenvironment12,18. Despite TEER being non-invasive, it lacks throughput and 

is prone to error and variability due to variations in temperature, pH, liquid levels and manual 

handling19,20. To overcome this limitation and allow for high-throughput automated TEER sensing 

within our platform, we developed a rapid, non-invasive, fully automated device referred here as 

AngioTEER, that can be seamlessly integrated with AngioPlate and allows us to read 128 sets of 

tissues under 5 minutes in real-time. The 384-well format of AngioPlate enabled us to use existing 

microplate readers to perform high-throughput dextran permeability assays to further assess the 

extent of injury to renal barrier. Moreover, the independent perfusion of tissues within AngioPlate, 

allowed us to collect media perfusates from each tissue to perform additional assessments such as 

the lactate dehydrogenase (LDH) cytotoxicity assay and cytokine secretion analyses. Lastly, we 

took advantage of our platform’s capability to generate renal tubules embedded in hydrogel to 
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incorporate fibroblasts in the matrix to allow us to investigate epithelium-fibroblast crosstalk and 

mimic TGF- β1 induced tubulointerstitial fibrosis.  

 

4.3. Materials and Methods 

Cell culture 

Human Renal Proximal Tubule Epithelial Cells (RPTEC-TERT1, male donor) were purchased 

from Evercyte, (Cat# CHT-003-0002). RPTECs were cultured in ProxUp2 media from Evercyte 

(Cat# MHT-003) following manufacturer’s protocol. Human primary lung Fibroblasts (FBs) were 

purchased from Cedarlane Labs, (Cat# PCS-201-013). FBs were cultured in DMEM media (xx) 

supplemented with 10% fetal bovine serum (FBS, Wisent Bioproducts, Cat# 098-150), 1% 

penicillin-streptomycin solution (100X, Wisent Bioproducts, Cat# 450-201-EL) and 1% HEPES 

(1M, Wisent Bioproducts, Cat# 330-050-EL) following manufacturer’s instructions. All cells were 

cultured in T75 flasks inside an incubator maintained at 37 ºC and 5% CO2.  Cells were 

subsequently passaged for further experiments when they were at 80% confluency. All cells 

utilized for this work were between passages 2-6.  

 

AngioPlate fabrication and operation 

Using our previously published techniques, we created a PDMS mold with single microchannels. 

The PDMS molds were soaked in 5% w/v pluronic acid (Sigma Aldrich, Cat# P2443) for 30 

minutes, washed with distilled water, dried, and then capped onto a pressure sensitive adhesive 

sheet. Assembled PDMS mold and adhesive sheet were then transferred to a one-well plate. To fill 

the microchannels with 30% w/v  gelatin solution, we injected gelatin solution into the channel 

inlets and by applying vacuum to the outlets, we were able to fill the entire channel. The gelatin 
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was maintained at 60°C throughout to prevent gelation. Once all the channels were filled with 

gelatin, the molds were left to dry in 4°C at 25% RH for four days. After four days, the molds were 

peeled off, leaving the dried gelatin fibers stuck to the adhesive sheets. The adhesive sheet 

containing the gelatin fibers were then assembled onto a bottomless 384 well plate containing 

milled microchannels that connects three adjacent wells together to form one independent unit. 

The assembled AngioPlate can then be UV sterilized and stored at room temperature until use. To 

cast hydrogel, 25 µL of fibrin hydrogel (10 mg/mL fibrinogen (Sigma Aldrich, Cat# F3879) and 

10 U/mL thrombin (Sigma Aldrich, Cat# T6884) were added to the tissue wells of AngioPlate 

containing the pre-patterned gelatin fibers. The plate was then left at room temperature for 20 

minutes to allow for crosslinking of fibrin hydrogel. After gelation, 90 µL of  pre-warmed D-PBS 

supplemented with 1% v/v aprotinin (2 mg/mL, Sigma Aldrich, Cat# 616370-M)  were added to 

all wells and the plate was incubated at 37°C and 5% CO2 for 1 hour to allow for gelatin 

degradation. After the degradation of gelatin, D-PBS in all wells were replaced with a coating 

solution containing ECGM2 media supplemented with 1 mg/mL fibrinogen, 0.1 U/mL thrombin 

and 1% v/v aprotinin. The plate was incubated at 37°C and 5% CO2 overnight to allow for coating 

solution to coat the network. Next day, coating solution were aspirated from all wells and ProxUp2 

media supplemented with 1% v/v aprotinin were added to all the wells and the device was primed 

for 48 hours before cell seeding. To seed cells into the network, after aspirating media from all 

wells, 30 μL of ProxUp2 media supplemented with 2% v/v serum and 1% v/v aprotinin were added 

into the tissue well and 125 μL of the cell suspension (0.7 million cells/mL) were added into the 

inlet and outlet wells. To allow for cell attachment, AngioPlate was placed flat in the incubator for 

2 hours after which media was changed and perfusion was started. To initiate perfusion, AngioPlate 

was placed on a IFlowRocker (OrganoBiotech, Cat# B001) that tilts at a 15° angle and alternates 
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its tilting direction every 5 minutes to allow for gravity-driven flow. For co-culture experiments, 

fibroblasts were mixed with fibrin hydrogel at 0.1 million/mL cell density and casted into the tissue 

wells. For co-culture experiments, all tissues were cultured in ProxUp2 media supplemented with 

2% v/v serum and 1% v/v aprotinin. Culture media were changed every other day for all 

experiments. 

 

Dextran permeability assay 

To assess epithelial barrier integrity of kidney tissues cultured on AngioPlate, dextran permeability 

assay was used. For this assay, a stock solution containing a mixture of 1 mg/mL of 4 kDa FITC 

Dextran (Sigma-Aldrich, Cat#46944) and 65 kDa TRITC Dextran (Sigma-Aldrich, Cat# T1162) 

were prepared. Post-confluency, on Day 7, 90 μL  of dextran stock solution were added to the inlet 

and outlet wells and 60 μL of culture media were added to the tissue well to maintain the same 

volume across all three connected wells. Fluorescent intensity readings were measured using 

Biotek Cytation 5 multi-mode reader at 0 hour and 1 hour timepoints. To assess barrier integrity, 

control groups without cells were included. A standard curve was generated by measuring the 

fluorescent intensity readings of dextran solutions serially diluted at 1:10 ratio, which were later 

used for quantifying diffused dextran. The assay was repeated on Day 14 post-drug treatment to 

assess barrier disruption due to nephrotoxicity. Dextran permeability assay was performed on Day 

7 for all experiments to ensure only leak-free tissues were selected for further studies.  

 

AngioTEER setup and operation 

The three components of AngioTEER – an AD541 impedance sensor, a multiplexing circuit and 

an electrode array were assembled together to develop the custom TEER device. The impedance 
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sensor were configured to apply a peak-to-peak amplitude of 100 mV and 1000 Hz comparable to 

the conventional TEER meter EVOM2. The multiplexer was designed to interface with the 

electrode array on one side and impedance sensor on the other, through connections facilitated by 

micro pitch header strips All the electrodes in the electrode array are gold-plated and were 

configured according to a four-lead topology. The electronic components were then packaged into 

a 3D printed enclosure made of acrylonitrile styrene acrylate. The maximum functional impedance 

range of this device is 10,000 Ω. The custom device was calibrated (0.05-1.86% error) against 

known resistors and against conventional EVOM2 TEER meter with PBS and culture media to 

ensure accurate measurements. The device was designed to be powered through a USB connection 

and was also equipped with Wi-Fi to allow for automatic measurements through the in-built 

software. All components of AngioTEER including enclosure can handle humidity, UV 

sterilization and temperatures up to 65°C. AngioTEER was sterilized using UV before use. Prior 

to taking TEER measurements, culture media was changed and allowed to equilibrate for 15 

minutes at room temperature. The electrodes were immersed in ethanol, followed by PBS for 15 

minutes each and then allowed to dry at room temperature for 15 minutes before taking TEER 

measurements. AngioPlate was placed on a warming plate maintained at 37°C during the readings 

to keep the temperature consistent. AngioPlate lid was replaced with AngioTEER containing the 

electrode pairs and the readings were automatically read and saved as a CSV through the in-built 

software. To avoid cross-contamination, electrodes were washed in PBS between different plates. 

From the raw Ohm values, TER values were obtained by multiplying the tubule area in contact 

with the current (0.0102 cm2).  
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Cytokine secretion analyses  

Media perfusates from each day of drug treatment were pooled together for further analyses. The 

collected perfusates were then prepped for cytokine analyses by centrifuging them at 1000 rpm for 

10 minutes to remove any cell debris. The supernatants were collected and processed by Eve 

Technologies for quantifying cytokines in response to injury, using their Human Kidney Injury 

Panel 5-6 plex assay (Cat# HKI5-06-20) or Pro-Inflammatory 15 plex assay (Cat# HDF15). 

Cytokines which were OOR for the assay to detect accurately were excluded.  

 

LDH cytotoxicity assay 

LDH cytotoxicity assay was performed using the CyQUANT kit purchased from ThermoFisher 

(Cat# C20300) following manufacturer’s protocol. The culture media perfusates collected post-

drug treatments were first pooled, aliquoted into a 96 well-plate to which 50 μL of reaction mixture 

were added and incubated at room temperature protected from light for 30 minutes. After 30 

minutes, the reaction was stopped using 50 μL of stop solution from the kit. Following this, the 

absorbance of each well was read at 490 nm using Biotek Cytation 5 multi-mode reader. 

Background absorbance corrections were done using absorbance readings of culture media without 

cells.  

 

Cisplatin-induced renal toxicity studies 

After 10 days of culture in AngioPlate, cells were exposed to different doses of Cisplatin (Sigma-

Aldrich, PHR1624) for 72 hours. Prior to drug exposure, all tissues were tested for barrier integrity 

using the dextran permeability assay mentioned above to ensure only leak-free tissues were 
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selected for dose response. Drug solutions were renewed every day and the perfusates from each 

day were collected for further analyses. Cisplatin was dissolved in DMSO as per manufacturer’s 

instructions and concentration of DMSO was maintained below 0.1% during exposure study to 

prevent cytotoxicity. Vehicle groups were also included wherein the tissues were exposed to culture 

media supplemented with 0.1% DMSO, reflecting the DMSO concentration in the highest drug 

dose. At the end of experiment, tissues were tested for barrier integrity using both dextran 

permeability assay and TEER. Media perfusates were analyzed for cytokine secretion and LDH 

cytotoxicity assays using the methods mentioned previously.  

 

TGF- 1 induced- tubulointerstitial fibrosis studies 

TGF- ɼ1 was purchased from R&D systems, Cat# and prepared following their instructions. To 

induce fibrosis, tissues were treated with 10 ng/mL of  TGF- ɼ1 (R&D systems, Cat#) in both 

groups with and without fibroblasts. For the co-treated groups, 10 ng/mL of  TGF- ɼ1 and 100 µM 

of Pirfenidone (Sigma-Aldrich, P2116) were added together. Pirfenidone was prepared in DMSO, 

therefore vehicle groups exposed to culture media supplemented with 0.1% DMSO were included. 

Tissues were treated with either Vehicle,  TGF- ɼ1 or TGF- ɼ1 with PFD for three days. Media 

perfusates were collected each day for cytokine analysis. At the end of treatment, tissues were 

perfused with 4 kDa and 65 kDa dextrans to assess barrier integrity post-treatment. The tubule area 

quantification was done using brightfield images of PTs only conditions using Image J. Media 

perfusates collected were analyzed for inflammatory cytokine secretions in response to injury.  

 

Immunostaining and histology 
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Prior to fixation, all wells were washed with D-PBS three times to remove any residual culture 

media. The tissues were then fixed in 4% paraformaldehyde solution (Electron Microscopy 

Sciences, Cat# EMS 15710-S) at 4 °C overnight on IFlowRocker. Following fixation, tissues were 

then permeated and blocked using 5 % normal goat serum containing 0.1% Triton-X (Abcam, 

Cat#) overnight at 4 °C overnight on IFlowRocker. After blocking, tissues were then incubated 

with the primary antibodies diluted in 2% staining buffer (2% FBS in PBS) at 4 °C for 48 hours 

on IFlowRocker. This was then followed by PBS washes over a 48 hour period at 4 °C to remove 

any residual primary antibodies. The tissues were then incubated with either secondary or 

conjugated antibodies with DAPI for 48 hours at 4 °C overnight on IFlowRocker. The tissues were 

then washed with PBS for 48 hours and then imaged using Nikon confocal microscopy. All 

antibodies used in this study and their dilutions are listed below.  

 

Table 2: Immunostaining reagents and their catalogue numbers 

Reagents Type Host Dilution Brand, Cat# 

Phalloidin-iFluor 594 Conjugated - 1:200 Cayman Chemical, 20553-300 

a-Tubulin Primary Mouse 1:200 Sigma-Aldrich, T7451 

Na/K ATPase Primary Rabbit 1:200 Abcam, ab76020 

DAPI - - 1:1000 Sigma-Aldrich, D9542 

Anti-mouse FITC Secondary Goat 1:200 Sigma-Aldrich, F0257 

Anti-rabbit CF-594 Secondary Goat 1:200 Sigma-Aldrich, SAB4600107 

 

Statistical analyses 
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SigmaPlot and Prism were both used for statistical analyses. All data were tested for normality and 

equality of variance. To determine statistical significance, one-way ANOVA or one-way ANOVA 

on ranks with the Holm-Sidak or Dunn’s method was applied. Data in all graphs were plotted as 

mean with standard deviation using Graphpad and at least three independent samples were used 

per condition for all quantitative analysis. 

 

4.4. Results and Discussion 

4.4.1. Device fabrication and operational setup of AngioPlate 

Our previous version of AngioPlate17, while enabling the modeling of complex and intricate organ 

structures, had limitations due to the use of alginate as the sacrificial material. Alginate required 

longer fabrication and degradation times, hindering the incorporation of supporting cells such as 

fibroblasts into the interstitial matrix. To address these challenges, we revamped AngioPlate by 

opting for gelatin as the sacrificial material. Since gelatin is temperature sensitive, the degradation 

rates were much faster21,22. We adopted our previously published patterning techniques17 to pattern 

an array of 128 networks of straight gelatin fibers on an optically transparent pressure-sensitive 

adhesive sheet, matching the format of a 384-well plate (Supplementary Figure 1). This transition 

from a polystyrene base to the adhesive sheets, significantly streamlined the gluing process. The 

patterned gelatin fibers were first dried and then assembled against a bottomless 384-well plate 

containing micro-channels with dimensions of 400 µm deep and 500 µm wide at the bottom of the 

plate, connecting three adjacent wells together to become one independent unit (Figure 1a-b). In 

a single independent unit, the inlet and outlet wells acts as media reservoir and the middle/tissue 

well is where hydrogel solution is added. Once the hydrogel is cross-linked, the gelatin fiber can 

be degraded within one hour at 37°C using warm buffer or culture media, resulting in an open 
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perfusable channel (Figure 1c). These channels can then be populated with Renal Proximal Tubule 

Epithelial (RPTECs) cells. Moreover, the short degradation time allows for the incorporation of 

supporting cells such as fibroblasts (FBs) in the hydrogel which are crucial when modeling 

tubulointerstitial diseases23. To establish perfusion in these channels, the plate is placed on a 

programmable rocker that can change its tilt direction every 5 minutes. This allows for gravity-

driven flow, facilitating the circulation of media through the channels for all 128 independent units 

simultaneously. Using this method, the tissues can be maintained for at least 21 days, enabling the 

generation of various readouts such as permeability assays, cytotoxicity assays, and cytokine 

secretion in response to pathophysiological stimuli yielding thousands of potential data points from 

a single AngioPlate. (Figure 1d).  

 

Figure 1. AngioPlate operation and experimental setup. a, Image of an entire AngioPlate 

showcasing an array of 128 independent units with pre-patterned gelatin fibers. b, Illustration of 

one independent unit of AngioPlate which includes three wells (Inlet, Tissue and Outlet) connected 
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together by microchannel containing a pre-patterned gelatin fiber. c, Illustration and corresponding 

images of open perfusable networks after hydrogel casting and gelatin degradation with culture 

media containing food color dye for visualization. d, Schematic illustration of experimental 

timeline and readouts 

 

4.4.2. Characterization of proximal tubules in AngioPlate 

To develop a kidney proximal tubule (PT) model in AngioPlate, we seeded 125 µL of RPTECs in 

the inlet and outlet wells and with 10 µL liquid in the tissue well (Figure 2a). This difference in 

liquid volumes generated a pressure head allowing for cells to fill the channel. The cells attached 

within two hours of seeding after which perfusion was initiated. The cells were able to form a 

confluent epithelium within a week of culture (Figure 2b). The coefficient of variation (CV) of 

tubule diameters (~250 µm) between different tissues from two different AngioPlate were found 

to be less than 5% and no significant differences were observed indicating reproducibility between 

different AngioPlates (Supplementary Figure 2a). Further characterization of the proximal 

tubules (PTs) confirmed that the epithelial cells covered the entire tubular channel and expressed 

the crucial renal marker Na+/K+ ATPase involved in glucose reabsorption in kidneys (Figure 2c-

e). Additionally, the expression of this transporter marker was polarized to the basolateral side of 

the tissue, mimicking the physiological localization observed in human proximal tubules (Figure 

2f)8. The renal epithelial cells also expressed primary cilia which helps maintain renal fluid flow 

as observed by alpha-Tubulin expression (Figure 2g). SEM imaging further revealed that each cell 
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in the renal epithelium had one primary cilium per cell similar to their native counterparts and their 

surface were covered in microvilli (Figure 2h).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Characterization of kidney proximal tubules (PTs) in AngioPlate. a, Illustration of 

RPTECs seeding setup. b, Brightfield images showing growth progression of RPTECs inside the 

networks. Scale bar: 1mm. c, 3D z-stack confocal image of PTs stained for sodium-potassium 

ATPase transporter (Na+/K+ ATPase) Scale bar: 200 µm. d, Zoomed-in image of Na+/K+ ATPase 

staining. e, Confocal imaging showing polarization of Na+/K+ ATPase marker to the basal side of 

the PTs. f, Confocal image of PTs expressing primary cilia marker alpha-tubulin. f, SEM image of 

PTs expressing primary cilia and microvilli. 

 

4.4.3. Assessing barrier integrity of proximal tubules as a functional readout in AngioPlate 

Next, we evaluated the barrier integrity of the renal epithelium in AngioPlate, considering the 

crucial role of proximal tubules in forming a selective barrier essential for proper kidney function. 

To assess epithelial barrier integrity, we first used the dextran permeability assay, in which culture 
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media containing both 4kDa FITC Dextran and 65 kDa TRITC Dextran were perfused through the 

channels for an hour, from which dextran that leaked out of the channels were quantified. On Day 

7, we observed that RPTECs successfully formed a tight barrier against both dextrans, compared 

to our no cell control group. This indicated the active formation of the barrier by the epithelial cells 

(Figure 3a-b). The barrier was intact and stable even on Day 14. The coefficient of variation (CV) 

of permeability values between different tissues in an AngioPlate were found to be less than 18% 

indicating consistency within an AngioPlate which is crucial to ensure reliable results across 

different conditions (Figure 3c, Supplementary Figure 2b).  

 

While the dextran permeability assay can provide information on how effectively the barrier 

prevents the transport of molecules of specific sizes, Trans Epithelial Electrical Resistance (TEER) 

measurements can offer non-invasive monitoring across various time points during experiments. 

However, conventional TEER sensor lack high throughput capabilities, posing challenges in 

measuring larger sample size20. Moreover, their manual measurement process can introduce human 

bias and error into the results. To overcome these limitations of conventional TEER meter, we 

developed a high-throughput and fully automated TEER meter referred here as AngioTEER 

(Figure 3d). AngioTEER consists of two main components: an electrode board housing an array 

of gold-plated electrode pairs, and an enclosure designed to encase the electrode board for ease of 

use. The electrode board is equipped with a built-in USB and Wi-Fi connection, enabling users to 

easily connect the device to a computer to access the AngioTEER software, which can 

automatically record the measured values in real-time (Supplementary Figure 2c). The entire 

device was designed to replicate AngioPlate lid for seamless integration. Two pairs of electrodes 

constitute one independent unit. The electrodes were aligned so that when the AngioTEER is 
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placed on the AngioPlate, one pair is inserted into the inlet well, and the other pair is placed in the 

middle/tissue well (Figure 3e).  In this four-lead topology setup, one pair applied a known 

electrical current to the system, while the other pair of electrodes measured the resulting voltage 

from which total electrical resistance was measured and displayed on the screen. Using 

AngioTEER, we were able to capture the progression of tubule formation from Day 1 to Day 14 

(Figure 3f). AngioTEER was calibrated and validated against both conventional EVOM2 TEER 

meter and known resistors to ensure accurate TEER measurements. From the measured values, we 

observed that the epithelial cells reached confluence by Day 7 and subsequently plateaued, 

indicating steady state. For this reason, subsequent assays were conducted between Day 10 to Day 

14. The values reported in this study represent the Total Electrical Resistance (TER), which 

includes resistances from both the culture media and the hydrogel. Given that the hydrogel can 

introduce variability, a proper approach would involve error propagation, requiring the reporting 

of only the mean values of each Day. However, reporting individual values allowed us to track the 

progression of each tissue and provided insights into potential variations (CV range: 3.7-6.9%) 

between tissues within the same experiment and served as a quality control measure for future 

assays (Supplementary Figure 2d). Comparing our RPTEC cell-containing tissues to the no-cell 

control groups, it's evident that the RPTEC cells exhibit an increasing trend in resistance (Figure 

3g). In contrast, the resistance in the no-cell control groups remained consistent. This observation 

suggests that the increase in resistance is primarily attributed to the presence of cells within the 

tissues. 
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Figure 3. Assessing barrier integrity of kidney proximal tubules (PTs) in AngioPlate. a,  

Fluorescent images of PTs perfused with 4 kDa FITC and 65 kDa TRITC dextran on Day 7 and 

Day 14. b, Quantification of diffused dextran using dextran permeability assay (n= 6-11). c, 

Variations in tissues within an AngioPlate using dextran permeability assay (n=92). d, Components 

of AngioTEER- Device enclosure, electrode board containing the electrode arrays. e, Illustration 

on electrode pair inserted into the inlet and tissue well of AngioPlate for resistance measurement. 

f, Total Electrical Resistance (TER) measurements of individual PTs over 14 days for assessing 
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barrier formation and integrity (n=19). g, TER measurements of PTs and no cell control. Statistical 

significance was determined using one-way ANOVA. *P≤0.05 **P≤0.01 ***P≤0.001.  

 

4.4.4. Modeling Cisplatin-induced tubular injury in AngioPlate 

Cisplatin, an FDA-approved chemotherapy belonging to the platinum agents class, is utilized for 

treating ovarian, testicular, and bladder cancer. However, a notable adverse effect of this 

medication is acute nephrotoxicity, occurring in approximately 20% of patients who take this 

drug24. This toxicity manifests as injuries to the renal tubular epithelial cells. In vivo, the safe 

treatment dosage range for patients receiving cisplatin typically falls between 15 to 50 mg/m2, with 

nephrotoxicity commonly observed at doses exceeding 80 mg/m2  25,26. When translated to an in 

vitro setting using a 384 well plate format, this equates to approximately 2 to 13 µM being safe 

and beyond that having a high risk of nephrotoxicity. To mimic this injury, we treated proximal 

tubule cells in AngioPlate with cisplatin doses ranging from 0.1 to 100 µM for three days, as 

expected we observed significant tubular epithelial barrier disruption at the high dose (100µM), as 

evidenced by both brightfield images and dextran permeability assay conducted at the end of 

treatment (Figure 4a-c). Additionally, TEER measurements revealed that the epithelial barrier 

began to deteriorate within 24 hours of treatment, with tubular epithelial cells detaching and 

emptying the channels by 48 hours consistent with our observations from brightfield images 

(Figure 4d). The Lactate Dehydrogenase (LDH) cytotoxicity assay corroborated these findings, 

indicating elevated LDH levels at the 100µM dose compared to other doses (Figure 4e) indicating 

renal injury. These results together indicated that the safer dose regime for this drug would be 

between 0.1 to 10 µM. These findings were consistent with other in vitro studies13,18,27 and 
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established in vivo dosing ranges24-26,28 showing that our model can capture injury to the proximal 

tubules in response to nephrotoxic drugs. 

Figure 4. Modeling cisplatin-induced tubular injury in AngioPlate. a, Experimental timeline 

for inducing injury and readouts. b, Brightfield images of renal tubules exposed to different doses 

of cisplatin at 24h, 48h and 72h. Scale bar 100 µM. c, Assessing drug-induced barrier disruption 

using dextran permeability assay (n=5). d, TER measurements using AngioTEER at different 

timepoints during exposure (n=5). e, Media perfusates analyzed for LDH secretion to indicate 

cytotoxicity (n=5). f-h, Media perfusates analyzed for cytokine secretions due to injury (n=5). 

Statistical significance was determined using one-way ANOVA or ANOVA on ranks. *P≤0.05 

**P≤0.01 ***P≤0.001.  

 

Further analysis was performed to analyze the secretion levels of Collagen IV, TIMP-1 and NGAL 

in response to the injury using media perfusates collected during the treatment (Figure 4f-h). 



 124 

While these renal markers were expected to be elevated in response to injury, however we saw a 

decrease in the levels in tissues treated with 100 µM cisplatin compared to other doses and vehicle 

controls. We suspect that the observed trend is largely due to the severity of the injury within the 

initial 24-hour window, during which the cells may not have had adequate time to secrete these 

markers before undergoing cell death.  

 

4.4.5. Modeling TGF- ɓ1 induced-tubulointerstitial fibrosis in AngioPlate 

To demonstrate the ability of our platform to incorporate supporting cells in the hydrogel to mimic 

the interstitial space of renal proximal tubules, we added fibroblasts (FBs) in the hydrogel during 

gel casting (Figure 5a). We found that the renal proximal tubule epithelial cells were able to grow 

and become confluent by Day 7 as before (Figure 5b). Further assessment of epithelial barrier 

integrity using dextran permeability assay revealed that both conditions, renal tubule with and 

without fibroblasts formed a tight barrier against dextran (4 and 65 kDa) compared to no cell or 

with only fibroblasts groups (Figure 5c-d). However, we observed that the barrier formed on Day 

7 in the co-culture groups were significantly better than the barriers in without fibroblasts groups 

and on Day 14 no significant differences were observed. These results indicated that having 

fibroblasts in the hydrogel, accelerated epithelial barrier formation. This was expected given that 

fibroblasts play a key role in facilitating tubular regeneration to maintain homeostasis in kidney23. 

Staining for F-actin, a cytoskeleton marker showed that the fibroblasts were encapsulated in the 

matrix surrounding the proximal tubules mimicking tubular interstitium (Figure 5e).  

 

Tubulointerstitial Fibrosis (TIF) is a chronic kidney disease that is considered as the final common 

pathway of all kidney diseases30. Despite its severity, there are currently no effective treatments to 
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prevent TIF progression and renal function decline. Transforming Growth Factor (TGF- β1) and 

fibroblasts have been identified as the crucial mediators in the development of TIF31. Pirfenidone 

(PFD) is a FDA-approved drug for pulmonary fibrosis that has demonstrated favourable effects in 

mitigating renal decline by inhibiting TGF- β132-34. To mimic tubulointerstitial fibrosis and study 

the effects of PFD in AngioPlate, we stimulated both the co-culture and renal tubule only 

conditions with TGF- β1 or TGF- β1 with PFD (Figure 5f). In the groups without fibroblasts, we 

observed morphological changes such as tubular dilation, migration and disruption of epithelial 

border in response to TGF- β1 compared to the vehicle groups (Figure 5g)35. Interestingly, we did 

not observe these morphological changes in the co-culture groups (Figure 5h). We however 

observed an increased proliferation of fibroblasts in the tissues stimulated with TGF- β1 

(Supplementary Figure 3a-b). This was expected as TGF- β1 is involved in the upregulation of 

fibroblasts proliferation in TIF. Further quantification of the area of migration, revealed that in 

groups stimulated with TGF- β1, the tubule area had significantly increased compared to both 

vehicle and TGF- β1 with PFD groups in response to fibrosis (Figure 5i). We suspect that the 

extensive migration of epithelial cells we observed, in groups stimulated with TGF- β1 but not in 

co-culture conditions, could be due to the partial de-differentiation of tubular epithelial cells to 

compensate for the absence of fibroblasts in the interstitial space to drive the progression of 

fibrosis36. Further assessing the epithelial barrier in both with and without fibroblasts groups using 

dextran permeability assay, we observed increased permeability in the co-culture conditions 

induced with TGF- β1 indicating tubular damage consistent with previous findings37 (Figure 5j). 

We also observed barrier disruption in tissues co-treated with TGF- β1 and PFD indicating that 

PFD was unable to prevent or reverse this damage at the current duration of treatment. We analyzed 

the media perfusates from co-culture conditions for both pro and anti-inflammatory cytokine 
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expression levels in response to TGF- β1 and TGF- β1 with PFD (Figure 5k-n). We observed 

significantly higher levels of pro-inflammatory cytokines GM-CSF and TNF-alpha compared to 

both vehicle and TGF- β1 with PFD groups. We observed a decrease in these pro-inflammatory 

cytokines in groups co-treated with TGF- β1 and PFD compared to TGF- β1. We also observed 

decreasing levels of MCP-1, a chemokine involved in monocyte recruitment, in both TGF- β1 and 

TGF- β1 with PFD groups compared to the vehicle. While we expected to see an increase in MCP-

1 levels in response to fibrotic injury, TGF- β1 have been previously shown to downregulate MCP-

1 therefore acting as an immunosuppressant in endothelial cells38. In the future, we could explore 

this further to understand the mechanisms behind the regulation of MCP-1 by TGF- β1 in fibrosis. 

PFD has been previously shown to supress lung fibrosis by upregulating anti-inflammatory 

cytokine IL-1039,40. Consistent with these studies, we saw a significantly higher level of IL-10 in 

tissues co-treated with TGF- β1 and PFD. These findings indicate the possibility of PFD as a 

potential treatment for TIF. While we did not observe any improvements in the barrier function, 

the positive shift in cytokine profile suggests the effectiveness of the drug against TIF. It is possible 

that a longer treatment duration might be necessary to manifest functional improvements. 

Nevertheless, the ability to detect these initial effects through a combination of multiple readouts 

underscores the strength of our platform. We did not observe any significant changes in the other 

cytokines in the panel analyzed (Supplementary Figure 3c). Overall, these findings together 

suggest that AngioPlate can be leveraged to study TIF and explore potential treatment options. 
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Figure 5. Modeling TGF- ɓ1 induced-tubulointerstitial fibrosis in AngioPlate. a, Illustration 

of fibroblasts seeding in hydrogel and RPTECs seeding in the channel. b, Brightfield images 

showing growth progression of RPTECs inside the networks surrounded by fibroblasts in the 

interstitial space. Scale bar: 1mm. c, Fluorescent images of PTs perfused with 4 kDa FITC and 65 

kDa TRITC dextran on Day 7 and Day 14. d, Quantification of diffused dextran using dextran 

permeability assay (n=12-14). e, 3D z-stack confocal image of PTs surrounded by fibroblasts in 

the hydrogel stained for F-actin and DAPI. f, Experimental timeline for inducing tubulointerstitial 

fibrosis with TGF- β1. g-h, Brightfield images of PTs with and without fibroblasts in hydrogel 

treated with vehicle, TGF- β1 or TGF- β1 with PFD. i, Quantification of tubule area in PTs only 

group from brightfield images using Image J (n=4). j, Assessing TGF- β1-induced barrier 

disruption in using dextran permeability assay (n= 7-12). k-n, Media perfusates analyzed for 

cytokine secretions due to injury (n=5). Statistical significance was determined using one-way 

ANOVA or ANOVA on ranks. *P≤0.05 **P≤0.01 ***P≤0.001. ns indicates no significant 

 

4.5. Discussion 

In this study, we engineered functional 3D perfusable proximal tubules using AngioPlate which 

allows for the parallel culture of 128 independently perfusable renal tubules. We showcased the 

versatility of our platform by modelling three different types of renal injuries. This level of 

versatility and scalability is needed to accommodate toxicological studies or compound screening 

that often require numerous replications, and ability to run multiple conditions simultaneously. 

The multi-well plate format along with gravity-driven flow that requires no pumps together make 

them easy-to-use alternatives compared to other microfluidic platforms.  Moreover, the 384 well-

plate format also makes them compatible with existing technologies such as microscopes, 

microplate readers, robotic handling systems, making it easier to automate the experimental 

workflow. While current fabrication methods rely on soft lithography techniques, we could utilize 

3D printing to print gelatin fibers directly on the adhesive sheets, thereby streamlining and 

accelerating the fabrication process in the future41. Although other proximal tubules models in 
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multi-well format exists, they typically only support half of the tubule on the extracellular matrix, 

with the other half cultured on plastic27, or have an artificial membrane instead of extracellular 

matrix which are not physiologically representative13. AngioPlate allows us to create open 

perfusable lumen embedded in natural hydrogel with only using pipetting techniques without the 

need for any specialized lab equipment. Throughout this study, we demonstrated the compatibility 

of our model with multiplexing assays such as dextran permeability assay, cytokine secretion 

analyses and LDH cytotoxicity assays. Furthermore, we integrated our platform with a high-

throughput TEER meter, AngioTEER which allowed us to take non-invasive, rapid measurements 

throughout the duration of experiments. Previous studies have successfully used TEER to measure 

cytokine-induced inflammatory effects in intestines42. It would be interesting to investigate the 

potential of AngioTEER in exploring similar possibilities in the future. 

 

Kidney is a complex and heterogenous organ with multiple cell types working synchronously, 

making it challenging to determine the relative importance of primary injury to a specific cell type 

in the context of disease progression43. For example, chronic kidney diseases such as TIF is a 

complex disease driven by a fibrotic niche consisting of multiple cells types, growth factors and 

underlying conditions all working together to drive the progression of the disease. This complexity 

makes it challenging to study TIF, resulting in poor understanding of disease mechanisms with 

limited treatment options35. While animal TIF models could provide the complexity needed, it is 

however challenging to understand the individual contributions of specific cell types in fibrosis 

progression which could allow us to identify potential new targets and biomarkers44. Two-

dimensional TIF models on the other hand, are too simple to provide the necessary profibrotic 

microenvironment. While there are existing efforts to model renal fibrosis using microfluidic 
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platforms, they however lack throughput, tubular geometry, and have complex systems to achieve 

perfusion45,46. These devices are also membrane based, which physically restricts cells from 

remodeling the matrix that is crucial in TIF. Moreover, their complex fabrication and operations, 

does not allow for any modularity that is often needed when studying complex diseases like TIF. 

AngioPlate holds promise as a potential solution because its modularity enables customization to 

address specific biological questions in renal diseases, making the model as complex as necessary. 

The open-top design enables us to extract the entire tissue from the well plate for histological 

analyses, facilitating direct comparison with clinical samples, which would be invaluable. 

Moreover, it’s high-throughput and user-friendly capabilities will allow us to screen for not only 

new drugs, but also repurpose existing drugs to treat acute and chronic kidney diseases.  

 

4.6. Limitations 

While AngioPlate offers numerous advantages over other preclinical models, like any model, it 

also has limitations. The h-TERT immortalized human primary renal tubular epithelial cells 

(RPTEC/TERT1) utilized in this study do possess the capability to express key transporters47 such 

as the Sodium Glucose Transporter 2 (SGLT2), Organic Cation Transporters (OCT2), they still 

lack crucial drug transporters like the Organic Anion Transporters (OAT 1/2/3) essential for the 

uptake and clearance of nephrotoxic drugs such as Tenofovir, Cidofovir, Adefovir etc48. This could 

limit the model's ability to screen certain drugs. However, the loss of OAT transporter expression 

in vitro is a common limitation observed in both renal primary cells and cell lines48,49. Therefore 

to address this limitation, a potential solution is transitioning to stem cells (iPSCs or ASCs) 

derived-kidney organoids50-52 or proximal tubule cell line (ciPTECs-OAT1/3) which have been 
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genetically engineered to stably express OAT transporters in vitro53. This could enhance the 

model's capacity to accurately screen and evaluate drugs affecting renal function.  

 

Due to limited access to human primary renal fibroblasts, we used human primary lung fibroblasts 

as a proof-of-concept to highlight the importance of incorporating supporting cells in the interstitial 

space in proximal tubules. While our study successfully demonstrated the significance of co-

culture, showcasing how fibroblasts enhance tubule barrier formation and it’s role during TGF-

‍1-induced tubulointerstitial fibrosis, transitioning to organ-specific fibroblasts in the future 

would allow us to explore the pathophysiology of renal fibrosis and it’s therapeutic interventions 

further using our model.  

 

In our current study, our primary focus was on modeling proximal tubules and their interaction 

with fibroblasts in the interstitial space, hence we did not incorporate renal vasculature. However, 

for future investigations involving the immune component of fibrosis or other renal diseases, the 

inclusion of vasculature might be crucial15. Incorporating vasculature shouldn't pose a significant 

challenge, as we would be able to easily add an additional channel to support the vasculature with 

our current fabrication method. This will however reduce the throughput to allow for independent 

perfusion of both the vasculature and proximal tubules.   

 

4.7. Conclusion 

Renal toxicity poses a significant clinical concern, frequently resulting in acute and chronic kidney 

diseases. While developing drugs with reduced nephrotoxicity is desirable, it is challenging due to 

the complexities involved in predicting and detecting kidney damage early in the drug 
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development process6. Moreover, diseases such as renal fibrosis despite their severity, lack 

approved treatments, and their underlying mechanisms remain poorly understood, largely due to 

the inadequacy of current preclinical models31. AngioPlate holds tremendous promise for 

addressing these needs by providing a user-friendly, high-throughput platform that enables the 

testing of 128 proximal renal tubules simultaneously. The platform also allows for readouts such  

as automated TEER sensing, dextran permeability assay, LDH cytotoxicity assay and cytokine 

secretion analyses. The platform's functionality, scalability and user-friendliness makes it an 

invaluable preclinical tool for screening potential drug candidates to assess renal toxicity and 

studying renal disease mechanisms.  
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4.10. Supplementary Materials 

 

 

 
 

Supplementary Figure 1. Step-by-step fabrication of AngioPlate. a, First, using standard 

photolithography, we fabricated a PDMS mold with single straight microchannels connected to an 

inlet and outlet well. b, The mold was then capped onto a pressure sensitive adhesive sheet to form 
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an array of micro-channel networks. c, The networks were injected with 30%  w/v gelatin solution 

into the inlets and aspirated out from the outlet well to allow for gelatin to fill the channel. Next, 

the entire mold was left to dry at 4°C. d, The PDMS molds were peeled off and the adhesive sheet 

containing 128 dried gelatin fibers were assembled onto the base of a bottomless 384-well plate 

by applying gentle pressure. 

 

Supplementary Figure 2. Variations in AngioPlate and AngioTEER. a, Quantification of 

tubule diameter in two AngioPlate from brightfield images using Image J (n=10). Scale bar: 250 

µm. b, Fluorescent images of 50+ renal tubules renal tubules perfused with 65 kDa TRITC-

Dextran (n=56). c, Graphical User Interface (GUI) of AngioTEER. d, Total resistance 

measurements of 111 tubules in AngioPlate throughout culture (Day 1 to Day 12). Red indicates 

no cell control. X indicates empty well.  
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Supplementary Figure 3. Tubulointerstitial Fibrosis in AngioPlate. a, Brightfield images of 

tissues treated with vehicle, TGF- β1 or TGF- β1 with PFD (n=4). b, Confocal images of tissues 

stained with nuclei staining DAPI. Scale bar: 500 µm. c, Heat map of inflammatory cytokine 

secretion profiles in response to TGF- β1 exposure (n=5).  
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5. Conclusions and Recommendations for Future Work 

5.1.  Conclusions 

Although two high-throughput microphysiological multi-well platforms were developed through 

this thesis work,  it is crucial to emphasize that the selection of the platform will ultimately be 

determined by the specific biological question at hand. IFlowPlate can be a powerful tool when 

studying biological processes that require the self-organization of the cells. For instance, research 

in developmental biology has established that organogenesis occurs simultaneously with vascular 

development to meet the high metabolic needs of organs during development1. The dynamic self-

assembly process through which both endothelial cells and colon organoids simultaneously 

organize into vascularized organoids supported by intravascular perfusion in the IFlowPlate can 

be leveraged for gaining deeper insights into organogenesis. This is an aspect that the AngioPlate 

cannot replicate. Additionally, the IFlowPlate could serve as a great platform for studying vascular 

alterations, such as angiogenesis or regression induced by drugs or disease. For example, Vascular 

Endothelial Growth Factors (VEGF) inhibitors such as bevacizumab have been long used to treat 

various cancers by inhibiting the formation of new blood vessels and promoting vascular 

regression2. Because of the self-assembly nature of blood vessels in IFlowPlate, it would allow us 

to recapitulate this regression more effectively. Despite these advantages, the self-assembly 

process lacks controllability and is more prone to variability. Moreover, the epithelium lacks 

luminal fluid flow making it challenging for studying transport mechanisms. This is where the 

AngioPlate can be particularly valuable. We can have precise control over the shape, size and 

location of tubular structures making it highly reproducible. Moreover, the independent perfusion 

capabilities of AngioPlate makes it a powerful tool to recapitulate and assess transport across the 

vasculature and epithelium barriers such as the glucose reabsorption in kidneys in health and 
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disease3,4. These points underscore the importance of allowing the biological question to dictate 

the complexity required. That being said, both platforms are designed in a multi-well format, 

making them high throughput and compatible with existing technologies such as microplate 

readers, high-content imaging systems, and robotic liquid handling systems. This compatibility, 

coupled with their user-friendly design, facilitates widespread adoption, thereby driving 

advancements in our understanding of disease mechanisms and expediting the drug development 

process.  

 

5.2. Recommendations for Future Work 

5.2.1. Automating platform fabrication and workflow 

Even though the transition from alginate to gelatin as the sacrificial material as described in 

Chapter 4 has expedited the fabrication process of AngioPlate, the reliance on soft lithography still 

prolongs the overall manufacturing process. Furthermore, our current manual injection technique 

for gelatin restricts us to filling one column at a time due to gelatin's temperature sensitivity, which 

can lead to premature gelling before the channel is completely filled. This makes scaling up 

production more challenging with our current approach. In the future, we could transition to using 

3D bioprinting to print gelatin fibers using a temperature-controlled printhead on to the adhesive 

sheets thus eliminating the need for PDMS molds or the manual injection method we currently use 

to generate the straight gelatin channels. Considering both the IFlowPlate (Chapter 2) and 

AngioPlate (Chapter 3 & 4) platforms utilize the 384-well plate format, programming liquid 

handling systems to automate the experimental workflow also becomes more feasible, paving the 

way for streamlining the entire gel casting, cell seeding and maintenance process in the future. 

This automation of both the fabrication and experimental workflow, would allow us to enhance 
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consistency and reproducibility while cutting down manufacturing costs of the platforms, thereby 

broadening the potential scope of their use in the drug development process (Figure 1a).  

 

5.2.2. Integration of Biosensors with IFlowPlate and AngioPlate platforms 

While the integration of rapid, non-invasive TEER electrode sensors with our platforms as 

described in Chapter 4 will allow us to effectively monitor the health of cellular barriers in both 

homeostatic and diseased states, in the future we could explore integrating sensors that can monitor 

fluctuations in pH, temperature, oxygen, lactate, glucose and other critical metabolic parameters. 

The fluctuations in these parameters represent crucial biomarkers, offering invaluable insights into 

maintaining physiological conditions, tissue maturation, cellular stress and dysfunction5. For 

example, in the renal proximal tubules, elevated levels of glucose or albumin is an indication of 

disruption of their reabsorption function and can serves as a biomarkers for hyperglycemia and 

diabetic nephropathy6. By integrating oxygen sensors in organ-on-chip, researchers have shown 

that changes in oxygen levels can help detect metabolic shifts in proximal tubules in response to 

drugs7. Integrating such sensors capable of automated, non-invasive, continuous real-time 

monitoring with our platforms would make them a powerful preclinical tool and pave the way 

towards more effective treatments and timely interventions (Figure 1b). 

 

5.2.3. Developing multi-organ models in AngioPlate 

In this thesis, we effectively demonstrated the seamless integration of diverse components, 

including vascular and epithelial interactions, immune cells, and supportive fibroblasts. Building 

upon this foundation, there is potential to broaden our modeling scope to encompass more intricate 

tissue-level interactions within organs. For instance, we could delve into the intricate dynamics of 
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the lung's small airways and alveoli, or explore the intricate interplay between the kidney's 

glomeruli and proximal tubules. Expanding on these insights, we could venture into modeling 

multi-organ interactions, aiming towards the development of a comprehensive "body-on-a-plate" 

model. As discussed in Chapter 1, various endeavors have been made in this direction. Researchers 

have successfully interconnected different organs, through a central vasculature, facilitating 

systemic circulation and enabling the simulation of complex physiological interactions across 

multiple organ systems8. Given the simplicity of our fabrication process, we could easily connect 

multiple wells, thereby enabling microfluidic connections between organs (Figure 1c). Moreover, 

to incorporate organ-specific topographies, we can use 3D printed stamping technique that was 

previously published from our lab9. Such a platform would greatly enhance our capacity to 

simulate intricate physiological interactions between various organ systems in a high-throughput 

manner.  

 

5.2.4. Studying sex differences in organs using IFlowPlate and AngioPlate   

Previous research has shown significant sexual dimorphisms in both disease progression and 

responses to medication between males and females10. For instance, diabetic kidney disease has 

been observed to progress more rapidly in males compared to females11. As an initial step in our 

journey of understanding sex differences, we collaborated with Dr. Sergi Clotet-Freixas and Dr. 

Ana Konvalinka to leverage the versatility of the IFlowPlate platform12. Male or female proximal 

tubule cells were cultured on top of the hydrogel to evaluate disparities in renal barrier function 

(Figure 1d). It was observed that male cells formed significantly better barrier. Furthermore, 

Freixas, et al observed that male cells had higher glycolytic, oxygen consumption and 

mitochondria respiration rate indicating higher ATP production which is crucial for barrier 

function. This could explain the higher barrier integrity that was observed in IFlowPlate. This study 
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highlights the need for incorporating sex in research. The entire experimental setup was 

orchestrated using robotic liquid handling systems. This showcases the exceptional throughput and 

compatibility of these platforms for conducting complex and large-scale experiments. In the future, 

by fostering further collaborations, we can gain deeper insights in sexual dimorphisms in various 

other diseases. 

Figure 1. Recommendations for future works. a, Automation of platform fabrication and 

workflow using 3D bioprinter and liquid handling systems. b, Integration of biosensors with the 

platforms to allow for real-time sensing of cell function. c, Multi-Organ-on-a-Plate in AngioPlate 

connected through central circulation. Organ-specific topographies can be introduced in the 

hydrogel using 3D printed stamp technique from our lab. d, Studying sex differences in our 

platforms (Adapted from Freixas et al12) 
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