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ABSTRACT  1 

Recent therapeutic success of large-molecule biologics has led to intense interest in assays to 2 

measure with precision their transport across the vascular endothelium and into the target 3 

tissue. Most current in vitro endothelial models show unrealistically large permeability 4 

coefficients due to a non-physiological paracellular transport. Thus, more advanced systems 5 

are required to better recapitulate and discern the important contribution of transcellular 6 

transport (transcytosis), particularly of pharmaceutically-relevant proteins. Here, a robust 7 

platform technology for the measurement of transport through a human endothelium is 8 

presented, which utilizes in vitro microvascular networks (MVNs). The self-assembled MVNs 9 

recapitulate the morphology and junctional complexity of in vivo capillaries, and express key 10 

endothelial vesicular transport proteins. This results in measured permeabilities to large 11 

molecules comparable to those observed in vivo, which are orders of magnitude lower than 12 

those measured in transwells. The permeability of albumin and immunoglobulin G (IgG), 13 

biopharmaceutically-relevant proteins, is shown to occur primarily via transcytosis, with 14 

passage of IgG regulated by the receptor FcRn. The physiological relevance of the MVNs make 15 

it a valuable tool to assess the distribution of biopharmaceuticals into tissues, and may be used 16 

to prioritize candidate molecules from this increasingly important class of therapeutics. 17 
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1. INTRODUCTION 18 

Therapeutic recombinant proteins and antibodies, so-called biopharmaceuticals or biologics, have 19 

revolutionized the way we address disease [1]. These large (> 10 kDa) molecules are designed with 20 

moieties that target disease-specific antigens, offering greater selectivity compared to small (< 1 kDa) 21 

molecule therapeutics [2]. Unlike small molecules, biopharmaceuticals are often recognized by the host 22 

body and re-circulated to prolong half-life. Continuous developments in biotechnological design and 23 

manufacturing have allowed for mass production of these complex molecules, providing greater access 24 

to patients. The ever-increasing number of therapies available in the clinic now includes monoclonal 25 

antibodies targeting TNFα in autoimmune disease [3] and PD-L1 checkpoint inhibitors in cancer [4]. 26 

Owing to an overall successful track-record, biopharmaceuticals have experienced tremendous growth 27 

in development and application, with projected US revenues in excess of 264 billion dollars in 2018 28 

alone [5]. 29 

The therapeutic efficacy of biopharmaceuticals critically depends on their ability to reach the intended 30 

target in vivo. To leave the circulation and enter the target microenvironment, molecules must cross the 31 

capillary endothelium, the primary barrier to biodistribution. Endothelial barrier function is determined 32 

by paracellular permeability, controlled by cell-cell junctions, and transcellular permeability, mediated 33 

through vesicular transport [6]. While small molecules can often pass between endothelial cells by 34 

passive paracellular transport, proteins such as biopharmaceuticals are usually too large to do so [7]. 35 

Transport across the endothelium for these large molecules, therefore, is diminished and may only occur 36 

through active transcellular mechanisms. Since the endothelium hinders the access of 37 

biopharmaceuticals to their target site, ultimately limiting the therapeutic efficacy of these molecules, 38 

an understanding of transendothelial transport via these two distinct pathways is key to develop 39 

molecules with enhanced distribution profiles. 40 

The ability of specific biotherapeutics to cross the human endothelium is currently evaluated using in 41 

vitro or in vivo methodologies [8]. Standard in vitro models make use of human endothelial cells 42 

arranged within a transwell system in a monolayer. This system allows for direct measurement of 43 

protein concentration over time in both compartments, hence of solute flux. However, the two-44 
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dimensional (2D) geometry in which the endothelial cells are arranged fails to replicate the three-45 

dimensional (3D) structure of the human capillary bed and its complex microenvironment involving 46 

interactions between multiple different cell types. As a result, the measurement may not be 47 

physiologically-relevant and often produce permeabilities much larger than those observed in vivo [9]. 48 

Alternatively, animal models can be used to make intravital measurements of solute distribution. While 49 

these models possess an intrinsic physiological complexity, measurements made in small animals may 50 

not be clinically translatable to transport in the human circulatory system [10]. These models are 51 

inherently low throughput, and increase our reliance on animal testing. In addition, spatiotemporal 52 

resolution for such measurements is greatly diminished by difficulties in imaging thick, live specimens. 53 

Thus, the techniques currently available to measure biopharmaceutical transendothelial distribution are 54 

limited. 55 

A number of research groups have attempted to generate a functional human endothelium within 56 

microfluidic devices (reviewed in [9]). However, the characterization of protein transcytosis was not 57 

the object of those studies, which limited their investigation to the measurement of baseline paracellular 58 

permeability. Here, we report on a method to conduct physiologically-relevant measurements of protein 59 

transendothelial transport without sacrificing spatiotemporal resolution, by using 3D self-assembled 60 

human microvascular networks (MVNs) within microfluidic devices. We show that the endothelial 61 

permeability values of large molecules are within the range observed in vivo, orders of magnitude 62 

smaller than those measured in transwell assays. Further, this methodology was used to investigate the 63 

neonatal Fc receptor, FcRn, which based on previous in vivo and 2D endothelial permeability studies 64 

has a controversial role in the transcytosis of albumin and immunoglobulin G (IgG), plasma proteins 65 

on which most biotherapeutics are structurally based [11]. 66 

 67 

2. MATERIALS AND METHODS 68 

2.1 Microfluidic device fabrication 69 
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A multi-device mold was fabricated by laser cutting 0.5 mm thick poly(methyl methacrylate) sheets 70 

(Astra products, US) on an Epilog Fusion 40 machine, producing devices with 3 channels (3 mm wide 71 

each). The central gel channel is approximately 20 mm long, from gel port to gel port. The microfluidic 72 

device makes use of a guide-edge (≈ 1/3 of the device height) to ensure gel containment within the 73 

central channel by surface tension upon injection. A “raster” pattern was used at 20 % laser power to 74 

generate the guide-edge, which resulted in a partial wall of approximately 200 μm between channels. 75 

Laser-cut pieces were bonded to a larger sheet of acrylic (McMaster Carr, US) and inverse molds were 76 

generated using polydimethylsiloxane (PDMS, Dow Corning Sylgard 184, Ellsworth Adhesives, US). 77 

PDMS devices were cut, punched, sterilized by autoclave (20 mins), and finally bonded to clean #1 78 

glass coverslips before further baking at 70 °C. 79 

 80 

2.2 MVN formation 81 

Human Umbilical Vein Endothelial Cells (HUVECs) and HUVECs GFP were purchased from Angio-82 

Proteomie, US, and normal Human Lung Fibroblasts (nHLFs) from Lonza, US. They were cultured on 83 

collagen-coated flasks (Corning, US) in a controlled 5 % CO2 atmosphere at 37 °C, with Lonza EGM-84 

2MV and FGM-2, respectively, and frozen following four passages. After thawing and re-plating on 85 

uncoated flasks, cells were seeded into devices in fibrin gel as previously described [12], at a final 86 

concentration of 5 million mL-1 and 2.5 million mL-1, respectively. Excess HUVECs were re-plated and 87 

kept for use in the monolayer. The MVNs were cultured for seven days in EGM-2MV, replaced daily; 88 

on day four, 1.5 million cells per mL of EGM-2V were added to the emptied media channels, 100 μL 89 

per channel, where over the remaining three days of culture they formed a monolayer on the fibrin gel 90 

surface.  91 

 92 

2.3 Permeability measurement and reagents 93 

All solutes tested for endothelial permeability were obtained conjugated to fluorescein isothiocyanate 94 

(FITC). Dextrans were purchased from Sigma Aldrich, US (46944, FD40, FD70, 46946, FD500S, 95 
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74187, 75005) and so was human serum IgG (F9636). Human serum albumin was purchased from 96 

Abcam (ab8030). Dynamic light scattering and zeta potential measurements for the solutes were 97 

performed on a Malvern Zeta-sizer. Permeability was tested, unless otherwise stated in the text, by 98 

dissolving each solute at a concentration of 0.1 mg mL-1 in EGM-2MV. The small protein concentration, 99 

and consistent dextran concentration, was chosen so to induce little oncotic pressure (less than 5 Pa for 100 

both albumin and IgG [13]). All permeability measurements were performed with internal hydrostatic 101 

pressures kept below 50 Pa, in a range where no solute filtration should take place [14]. Perfusion of 102 

the MVNs was performed by first emptying one media channel and filling it with fresh, solute-103 

containing media, after which the other media channel was also emptied and the fluid left to perfuse 104 

across the network over approximately two minutes, before adding to the second media channel 105 

additional solute-containing media to equilibrate pressures. For the vascular endothelial growth factor 106 

(VEGF) experiment, exogenous human VEGF 165 (Peprotech, US) was added at a concentration of 50 107 

ng mL-1 to complete EGM and incubated in the device under a slight pressure gradient of 50 Pa for 0.5 108 

hours at 37 °C and 5% CO2. Imaging of the perfused network was performed on an Olympus FV1000 109 

confocal microscope with custom enclosure for temperature and atmosphere control. Stacks were 110 

collected using a 10X objective at a resolution of 800x800 pixels every 12 minutes, using a z-spacing 111 

of 5 μm and a minimum stack size of 20 slices. Reconstruction of the geometry was conducted using 112 

ImageJ, FIJI distribution [15], by automatic thresholding and segmentation of the solute signal. The 113 

average intensity in the vascular and matrix compartments were used to measure the permeability 114 

coefficient, P, as the resistance per endothelial surface area, SA, offered by the endothelium against the 115 

solute flux Js (units: mol s-1), which is driven by a transendothelial concentration difference Δc [16]: 116 

𝑃 =  
𝐽S

𝑆𝐴 ∆𝑐
  ,                  (Eq. 1) 117 

which takes the expanded form: 118 

𝑃 =  
𝑉m

𝑆𝐴 ∆𝐼

∆𝐼m

𝑡
                    (Eq. 2) 119 

where t is the time over which transport is assessed and ΔIm = Im,2 – Im,1 is the increase in mean 120 

fluorescence intensity, assumed linearly proportional to solute concentration, in the matrix of volume 121 
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Vm between time-points and ΔIm = Iv,1 – Im,1 the difference in intensity, therefore solute concentration, 122 

between the vasculature and matrix at the start of the measurement. The average matrix intensity after 123 

t = 12 minutes, Im,2, was normalized to account for the systematic decrease in intensity due to bleaching 124 

and microscope drift, so that: 125 

𝐼𝑚,2
∗ = 𝐼m,2

𝐼v,1

𝐼v,2
                            (Eq. 3) 126 

where Iv is the average intensity in the vascular space at the first and second time-point, as indicated by 127 

the respective subscripts. Transwell cell culture and permeability measurements were conducted using 128 

collagen-coated well-plate inserts (354482, Corning, US) according to the manufacturer’s protocol. In 129 

the case of co-culture, endothelial cells were seeded in the inserts, and fibroblasts were seeded at the 130 

bottom of the lower wells. Fluorescence intensities of the fluids collected from the two reservoirs were 131 

measured on a Cytation 5 fluorescence plate reader (BioTek, US), at excitation/emission wavelengths 132 

of 490/530, and Eq. 2 applied to measure transwell permeability. 133 

 134 

2.4 Antibodies, glycocalyx staining, and colocalization analysis 135 

Immunofluorescence staining of endothelial junctions was performed in fixed MVNs using a polyclonal 136 

antibody against VE-cadherin (ALX-210-232, Enzo Lifesciences) and a monoclonal ZO-1 antibody 137 

(33-91100, Invitrogen). The glycocalyx was live-stained for 30 minutes using FITC-conjugated lectin 138 

from triticum vulgaris (L4895, Sigma, US), followed by washing of the MVN lumens with fresh media. 139 

The pixel resolution for the glycocalyx thickness measurement was 0.97 μm. All 2D cell imaging was 140 

conducted on HUVECs plated on collagen-coated substrates (Corning, US). Colocalization analysis 141 

was performed on histological sections of the MVNs with Cell Signaling Technologies CAV1 (3238S), 142 

Clathrin (2410S), RAB5 (2143S), and LAMP1 (9091S) antibodies, and R&D systems FcRN antibody 143 

(8639). A 60X oil objective was used on the same confocal microscope mentioned above, with a pixel 144 

resolution of 2048x2048. The analysis was automatically performed through the ImageJ Colocalization 145 

function, after manually highlighting lumens. 146 
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 147 

2.5 Investigation of FcRn-dependent transcytosis 148 

The pH of EGM-2MV was adjusted drop-wise to a value of six using hydrochloric acid. IgG was 149 

perfused in pH 6 media without prior pre-treatment so not to alter the matrix pH. Bafilomycin A1 was 150 

purchased from Tocris, US (1334), and dissolved in DMSO. Dilution in EGM-2MV produced a final 151 

concentration of 1 μM bafilomycin and 0.2 % DMSO. The latter concentration was produced in the 152 

controls for the experiment, and samples were pre-treated for 30 minutes (with bafilomycin or without) 153 

before perfusion of IgG in their respective media.  154 

Knockdown was performed as per the manufacturer’s instructions (Qiagen) with slight modifications 155 

as detailed. At the time of transfection, the medium from the MVNs was aspirated and replaced with 156 

transfection mixture of 2.5 μl HiPerfect (Qiagen), and 50 nM siRNA for FcRn (siRNA 1, 2 or both, 157 

Qiagen) or AllStars Negative Control (Qiagen) added in 100 μl of OptiMEM.  At 4 hours after 158 

transfection, 0.1 ml of endothelial media was added to each well and changed daily thereafter. 159 

Transfected cells were used in permeability experiments on day 9, 48 h after transfection. Knockdown 160 

of FcRn was confirmed by flow cytometry analysis of HUVECs seeded at 5 × 105 cells/well of six-well 161 

plates and transfected 24 hours  later at ∼70% confluence as above. FcRn was detected on HUVECs 48 162 

hours post-transfection using intracellular staining reagent (BioLegend) with FcRn antibody (R&D, 5 163 

μg/mL) or Isotype control (R&D, 5 μg/mL) and goat anti-mouse Alexa-568 (Invitrogen). Analysis was 164 

performed on a Becton Dickinson LSR II flow cytometer at the MIT Koch Institute Flow Cytometry 165 

Core Lab. 166 

 167 

2.6 Scanning Electron Microscopy (SEM) 168 

Specimens were fixed with 0.15 M Cocadylate buffer with 2 % paraformaldehyde and 2 % 169 

glutaraldehyde. For electron microscopy imaging, samples were stained with the rOTO method (2 % 170 

osmium in 1.5 % ferrocyanide for 1 hr followed by 1 % thiocarbohydrazyde for 20 min and 2 % osmium 171 

for 30 min), dehydrated in ethanol and acetonitrile, and embedded in embed812 epoxy resin.  Ultrathin 172 
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sections were collected at 40 nm with a microtome, and imaged with a Sigma scanning electron 173 

microscope (Carl Zeiss). 174 

 175 

2.7 Statistical analysis 176 

Transwell permeability measurements were performed in three repeats per solute. MVNs permeability 177 

measurements were performed in three devices from three separate biological repeats, each of which 178 

was used for three separate measurements (z-stacks), except in the case of the siRNA experiment, where 179 

only two repeats were done due to the presence of multiple controls. All data representation details are 180 

provided in the figure captions, and single data points are reported where clarity of the figure can be 181 

maintained. Statistical significance was assessed using student’s t-tests performed with the software 182 

OriginPro 2016, where differences at p < 0.05 were taken as significant (*, p < 0.001 **, p < 0.0001 183 

***, p < 0.00001 ****). 184 

 185 

3. RESULTS 186 

3.1 Fabrication and perfusion of MVN devices 187 

Functional 3D MVNs to study endothelial barrier function in the presence of extracellular matrix and 188 

stromal cells are generated by co-culturing HUVECs and nHLF over seven days within a fibrin hydrogel 189 

(Fig. 1a). Cells are mixed with the hydrogel precursors, fibrinogen and thrombin, and injected together 190 

into the central channel of a PDMS three-channel microfluidic device, where fibrin quickly polymerizes 191 

suspending cells in a 3D matrix. The side channels of the devices are then filled with cell culture 192 

medium. In this co-culture environment, HUVECs undergo a process mimicking vasculogenesis 193 

whereby they form endothelial connections, branch and anastomose, bridging the gap between the two 194 

media channels with fully connected lumens after five to seven days. 195 

The morphology of the self-assembled 3D MVNs resembles that of mammalian capillary beds (Fig. 196 

1b). The microvessels have an average diameter d ≈ 20 μm, close to the physiological human range for 197 
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capillaries (5 – 15 μm [17]). Due to a small amount of cell sedimentation during fibrin polymerization, 198 

larger vessels may be observed at the bottom of the device. The volumetric density of the networks, φv, 199 

defined as the ratio between MVNs’ and total volume (Vv / Vtot), is approximately 20 % and within the 200 

range expected in vivo (8 – 21 % [18, 19]), while the vascular surface area per volume available for 201 

transport, S = Sv / Vtot, is close in magnitude to the range expected for tissues like the human brain (4500 202 

m-1 compared to 7000 m-1 [20]). The morphological similarities to the normal human endothelium 203 

include, most importantly, the presence of open lumens, which can be perfused from the side channels 204 

with any molecule dissolved in the cell culture medium or other liquid. 205 

To ensure all transport into the extracellular matrix surrounding the vasculature takes place across the 206 

endothelium, the sides of the central gel channel are coated with HUVECs on day four. This 207 

configuration allows for growth of a continuous endothelial monolayer lining the large media channels, 208 

seamlessly integrating with the endothelial cells of the MVNs within the gel (Fig. 1c). The presence of 209 

this monolayer prevents solute diffusion from the media channels directly into the gel matrix over the 210 

time of the experiment, ensuring accurate transendothelial transport measurements. 211 

 212 

3.2 Measurement of physiologically-relevant endothelial permeability 213 

In transwells, the most commonly used in vitro endothelial barrier models, solute flux occurs across a 214 

2D surface, between the fluids contained in the two reservoirs separated by an endothelial monolayer 215 

grown in isolation on a rigid porous membrane. In contrast, the endothelium in the MVNs system adopts 216 

a more physiologic 3D morphology (Fig. 2a), and the flux takes place from the lumens into an extra-217 

cellular matrix.  218 

To establish the baseline barrier function of the MVNs to large molecules we first made use of 4 to 500 219 

kDa dextrans, model molecules that have been used in numerous in vitro and in vivo studies (Fig. 2b). 220 

To test whether the 3D MVNs provided improved barrier function that is reflective of in vivo values, 221 

we compare co-culture of HUVECs and fibroblasts in our 3D system to co-culture in a standard 222 

transwell assay. For both systems, when the molecular weight, hence size (Fig. 2c), of the dextrans 223 
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increases, the permeability decreases (p < 0.01 in both cases). The decrease in permeability observed 224 

follows an exponential decay with molecular weight (R2 = 0.97 in both cases, Supplementary Fig. 1a), 225 

consistent with diffusion of solutes through pores [21]. However, the decrease is faster for the 3D MVNs 226 

compared to the 2D transwells (σ = 19.92 and 12.74, respectively, where 𝑃 ∝ exp(− 𝑀w/𝜎)) 227 

suggesting that the transwell monolayer is a less size-selective barrier. Consistently, the permeability 228 

of the 3D MVNs is two orders of magnitude smaller than for the same cells in transwells (10-8 cm s-1 229 

versus 10-6 cm s-1). When compared to dextran permeability values reported previously, our transwell 230 

results compare well in terms of order of magnitude with other transwell endothelial monolayer 231 

measurements [22, 23], including values for HUVECs [24, 25]. Instead, the MVNs show values that fit 232 

into the much lower permeability range reported for measurements performed in animal models, 233 

including values for the brain, lung and muscle [26, 27].  234 

The striking difference in permeability to dextrans between the two systems may derive from the 235 

dissimilarities between the physicochemical microenvironments in which the endothelial cells reside. 236 

In the MVN system, endothelial cells are attached to a compliant hydrogel matrix; instead, the 237 

membrane on which HUVECs reside in the transwells possibly provides a stiffer substrate, which could 238 

affect barrier function [28]. Co-culture of endothelial cells with stromal cells has been shown to increase 239 

barrier function, e.g. in the case of human brain endothelial cells with astrocytes [29]. Here, paracrine 240 

signalling from fibroblasts does not appear, alone, to alter HUVECs barrier function, as the transwell 241 

values for dextran permeability are comparable with or without fibroblast co-culture in the bottom 242 

reservoir (Supplementary Fig. 1b). Nevertheless, in the MVN system fibroblasts may provide 243 

additional cues to the endothelial cells, as they are often seen to be in direct physical contact by lining 244 

the microvessels on the basal side (Fig. 2d-f). 245 

While size evidently affects the capacity of solutes to cross the endothelium, other molecular 246 

physicochemical properties also impact transport. In particular, it has been shown that the charge of 247 

solutes determines capillary permeability in vivo and, as a result, solute distribution to tumors [30]. 248 

Here, we test the MVNs permeability of dextrans of the same molecular weight but varying  charge 249 

(positive or negative), as confirmed by zeta-potential measurements (Fig. 3a). The MVNs permeability 250 
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to positively-charged dextran is significantly higher than to the neutral dextran of same size (Fig. 3b), 251 

similarly to what has been previously reported [30]. At the same time, the permeability to negatively-252 

charged dextran is, on average, lower than to the neutral molecule. These findings are in agreement 253 

with the MVNs expression of a functional, negatively-charged glycocalyx (Fig. 3c), with a thickness of 254 

the order of 1 μm (Fig. 3d), as recently reported for in vivo capillaries [31]. Significantly, while 255 

expression of a glycocalyx is also observed in the transwell system, the solute charge-dependent 256 

permeability seen for the MVNs is not observed in the transwell systems (Supplementary Fig. 2). 257 

The dissimilarity in permeability between MVNs and transwell monolayers also extends to proteins. 258 

The magnitude of transendothelial transport for human serum albumin and IgG is two orders of 259 

magnitude smaller in the MVNs, irrespective of transwell co-culture with fibroblasts (Fig. 4a, b). 260 

Similar to the dextrans, protein permeability values measured in the MVNs are within the range of those 261 

measured in vivo, on the order of 10-8 cm s-1 [27, 32]. The reason for this dramatic difference between 262 

2D and 3D permeability measurements may be due to discontinuities present at endothelial junctions in 263 

2D (Fig. 4c), although other factors may contribute, such as alterations in glycocalyx and basement 264 

membrane structure arising from the dissimilarities in microenvironment considered above. Our results 265 

suggest that the 3D MVNs likely present selective improvements in paracellular barrier function that 266 

also affect large proteins like albumin and IgG.. The high permeabilities observed in transwell systems, 267 

on the order of 10-6 to 10-5 cm s-1, far exceed the values measured for a leaky endothelium in the MVNs, 268 

demonstrated by treatment of the MVNs with VEGF (Fig. 4d). Through the recapitulation of a 269 

physiological endothelial morphology and physicochemical microenvironment, the MVNs clearly 270 

outperform conventional transwell systems in exhibiting more physiologically-relevant values of 271 

permeability. 272 

 273 

3.3 Determination of mode of transport 274 

Solutes cross the endothelium by two mechanisms (Fig. 5a): Paracytosis through the junctions between 275 

endothelial cells, which is driven by diffusion and convection, or transcytosis through endothelial cells, 276 
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often involving specific recognition and active cellular transport through vesicles [6]. Large proteins 277 

may be prevented from crossing the endothelium entirely by paracytosis, as their size could hinder their 278 

passage between endothelial junctions, or even through the glycocalyx mesh [33]. Similar to capillaries 279 

in vivo [34], the MVNs show junctions with clefts of approximately 10 nm, here observed to be bridged 280 

and become smaller in the presence of, what are most likely, adherens or tight junctions (Fig. 5b). We, 281 

therefore, expect the 3D MVNs to recapitulate a physiologically-relevant cell junction barrier to 282 

albumin and IgG. 283 

A simple way to differentiate between different modes of transendothelial transport is by modulating 284 

the temperature of the endothelium, since at lower temperature vesicles are increasingly prevented from 285 

budding away from the cell membrane and transit through the cytoplasm [35], thereby reducing 286 

transcytosis. In the MVNs, when temperature is lowered from physiological (37 °C) to room 287 

temperature (21 °C), the average permeability drops by approximately 47 % for albumin and 67 % for 288 

IgG (Fig. 5c, d). At the same time, the permeability to dextrans of similar molecular weight, 70 kDa 289 

and 150 kDa, respectively, does not change. In the analysis described, all room temperature results were 290 

adjusted for the change in viscosity with temperature affecting diffusion, as per the Stokes-Einstein 291 

equation (calculated factor = 1.48) [21]. 292 

The decreased permeability of albumin and IgG as the temperature is lowered suggests that their 293 

transport occurs at least in large part through transcytosis, while the constant dextrans permeability 294 

irrespective of temperature implies paracellular crossing of the endothelium. The temperature-295 

dependent change in vesicular transport in the MVNs can be visualized through electron microscopy 296 

(Fig. 5e). The overall number of vesicles per length of endothelium does not change with temperature, 297 

but the number of vesicles in transit through the cytoplasm decreases with decreasing temperature. That 298 

is, the number of vesicles attached to the cell membrane is larger at lower temperatures, consistent with 299 

decreased protein transcytosis. 300 

Vesicular transport across the endothelium occurs through either plasmalemmal caveolae or clathrin-301 

coated pits [6], corresponding to different protein receptors. Co-localization analysis in the MVNs (Fig. 302 

5f) shows that albumin is significantly more localized in caveolae, in agreement with the presence of 303 
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gp60, a key receptor for albumin, in these vesicles [36]. In contrast, IgG is significantly more localized 304 

in clathrin-coated pits. Interestingly, 2D-cultured monolayers of HUVECs demonstrate the same trend 305 

for albumin, yet IgG does not appear to be significantly localized in either type of vesicles, as if non-306 

specifically taken up as part of the fluid phase (Supplementary Fig. 3). These vesicular transport results 307 

further demonstrate the importance of 3D culture and imply that in the MVNs, transport of albumin and 308 

IgG occurs through physiologically-relevant transcytosis, possibly via different processes. 309 

 310 

3.4 Investigation of FcRn-mediated transcytosis 311 

Understanding how particular proteins cross the endothelium is key to inform the design of effective 312 

biopharmaceuticals. Next, we applied the MVNs methodology to investigate the transcytosis of albumin 313 

and IgG. These proteins constitute, respectively, the first and second major protein constituents of blood 314 

plasma, where they are present in a concentration of the order of tens of mg mL-1 [37]. Hence, we first 315 

considered the effect of perfused mass on transport of these two molecules, increasing the concentration 316 

from low to physiologically-relevant concentrations (0.1 to 10 mg mL-1, Fig. 6a). The effective 317 

permeability is found to decrease with increasing concentration, a trend that cannot be explained by a 318 

larger luminal oncotic pressure alone. Indeed, the decrease in permeability is non-linear within a 319 

concentration range where the oncotic pressure increases linearly with protein mass [37]. Thus, an 320 

additional factor must impact the measurement. 321 

One possible explanation for the decrease in permeability with protein concentration is that, contrary to 322 

paracytosis, where diffusion through endothelial cell junctions is proportional to the luminal 323 

concentration, the process of transcytosis can be saturated. In fact, in the case where fluid and solutes 324 

are brought into the cell non-specifically (pinocytosis) and the vesicles may cross to the basal surface, 325 

the flux due to transcytosis can be expressed as [38]: 326 

𝐽trans = 𝑁v 𝑉v 𝑆𝐴 Δ𝑐                   (Eq. 4) 327 

where Nv is the rate of vesicle formation per area of endothelium and Vv the volume of a single vesicle. 328 

The permeability due to transcytosis alone would, therefore, be given by: 329 
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𝑃 = 𝑁v 𝑉v                    (Eq. 5) 330 

In the case of receptor-mediated transcytosis, however, a solute will cross the endothelium only when 331 

bound to its receptor, and the permeability relationship takes the form: 332 

𝑃 = 𝑁v 𝑉v  
𝑐r

𝑐𝐴+𝐾𝑑
                   (Eq. 6) 333 

where cr is the receptor concentration per vesicle, cA the solute concentration on the apical side, and Kd 334 

the solute-receptor dissociation constant (full derivation available as part of the Supplemental Material). 335 

Therefore, as cA increases, the permeability for the case of receptor-mediated transcytosis decreases. 336 

Further, taking the inner vesicle radius as 25 nm (based on SEM imaging in Fig. 5e and in line with 337 

previous reports [39]) and Nv as 121 vesicles μm-2 s-1 (calculated from the number of vesicles per μm2 338 

in the MVNs system, 4.84, Fig. 5e, and taking the average luminal-to-basal diffusion time for vesicles 339 

across an endothelium that is approximately 500 nm thick as 0.02 s [39]), the decrease in permeability 340 

for the two proteins can be fitted by Eq. 5 to yield cr = 5.35 ± 0.38 μM and Kd = 83.43 ± 6.44 μM for 341 

albumin, and cr = 551 ± 229 nM and Kd = 23.86 ± 12.21 μM for IgG. This analysis, which assumes no 342 

paracellular transport of the two proteins, suggests that different receptors may be involved in transport 343 

of albumin and IgG, and their saturation may decrease the effective permeability measured. 344 

A receptor of particular importance for both albumin and IgG is the neonatal Fc receptor, FcRn. This 345 

receptor, expressed in both endothelial and epithelial cells, plays a key role in governing the long half-346 

life of these two serum proteins, by salvaging them from lysosomal degradation upon binding within 347 

the acidified endosome [11]. Due to this capability, FcRn has attracted considerable attention as a 348 

binding target to extend the half-life of biopharmaceuticals in circulation, thus allowing for less frequent 349 

dosing [1]. Here, we confirm that FcRn is expressed in the MVNs and that IgG is more strongly co-350 

localized with this receptor compared to albumin (Fig. 6b), in agreement with what has previously been 351 

reported by others in animal models [40]. The recycling of IgG in the MVNs is observed by greater 352 

localization of the protein within the endosome rather than the lysosome, a trend also observed for 353 

albumin, albeit not significantly (Fig. 6c). In comparison, dextran is not differently localized in either 354 

compartment, implying that this molecule is not preferentially salvaged from degradation. 355 
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FcRn was also shown to play an important role in vivo as a transporter for IgG across epithelia whereby, 356 

upon binding, the protein is transported to the opposite side of the cell [41]. Within the endothelium, 357 

FcRn-dependent transcytosis is not well understood; previous studies in animal models have reported 358 

contrasting results, including no effect on IgG transendothelial distribution after knockdown of FcRn 359 

in the mouse brain [42], active transport by FcRn of Fc-conjugated proteins in the bovine retinal 360 

endothelium [43], and basal-to-luminal-only transport of IgG in the rat brain [44]. Given the importance 361 

that FcRn already holds in the design of biopharmaceuticals, understanding its possible role in IgG 362 

transport across a human endothelium holds great potential to tailor the in vivo biodistribution of those 363 

molecules (Fig. 6d).  364 

In an effort to elucidate FcRn-mediated IgG transport, we first changed the pH in the microenvironment 365 

of key binding sites to either increase or decrease the strength of interaction between IgG and FcRn. A 366 

decrease in pH to ~ 6 on the luminal side has been shown to increase binding to FcRn, and so to enhance 367 

transcytosis across epithelial layers [45]. In the MVNs, the opposite trend was observed (Fig. 6e) in that 368 

transport decreased when IgG was perfused in pH 6 cell culture medium. In contrast, bafilomycin A1 369 

was used to increase the pH within the early endosome, which has been shown to hinder IgG binding 370 

to FcRn [46]. Treatment of the MVNs with bafilomycin A1 results in increased permeability to IgG 371 

(Fig. 6f). Additionally, we explored the role of FcRn-mediated transcytosis of IgG using siRNA to 372 

knock down FcRn in the MVNs, observing an increase in transport of IgG across the endothelium (Fig. 373 

6g). This phenomenon was not also observed with albumin (Supplementary Fig. 4). Consistently, these 374 

results suggest that, in the in vitro human endothelium MVN model, FcRn does not transport IgG from 375 

lumen to matrix. Rather, it may act as an efflux mechanism to remove IgG from the intracellular 376 

environment through its recycling action, thus, antagonizing IgG transcytosis. 377 

 378 

4. DISCUSSION AND CONCLUSIONS 379 

Precise measurement of protein transcytosis across the endothelium is a critical unmet need for 380 

assessing the potential efficacy of novel biotherapeutics. Self-assembly of human endothelial cells into 381 
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3D perfusable microvascular networks results in a system that enables these measurements. The MVNs 382 

present physiological endothelial attributes that are critical for determining the transendothelial 383 

distribution of molecular species in vivo. The presence of continuous tight junctions between endothelial 384 

cells, as well as a functional glycocalyx, provide a size- and charge-selective barrier to the passage of 385 

solutes, demonstrating a significant role for transcytosis in the transport of albumin and IgG under 386 

homeostatic conditions. The MVNs outperform conventional transwell systems, where endothelial cells 387 

plated on relatively stiff substrates in 2D form non-continuous junctions that allow passage of small 388 

and large molecules alike, producing permeability values much larger than those reported in animal 389 

models. The MVNs are also superior in their ability to accurately quantify and classify physiological 390 

transport pathways. 391 

Leveraging the physiologically-relevant transport properties of the MVNs, we studied the transcytosis 392 

of albumin and IgG because of their importance as components in biopharmaceuticals. The ability to 393 

interact with FcRn within endothelial cells provides these two proteins, and their fusions, long half-394 

lives in circulation, yet the role of the receptor as an active transendothelial transporter has not been 395 

clearly elucidated. Our results suggest that, in the MVNs’ human endothelium, FcRn is indeed involved 396 

in the transcytosis of IgG, but as an antagonizing agent that diminishes overall transport from the 397 

circulation. Albumin was not affected by the presence of FcRn, and its recycling through the receptor 398 

is less evident compared to IgG. The localization of albumin within caveolae suggests, instead, possible 399 

transport by the receptor gp60, and reveals that the two proteins studied cross the MVNs human 400 

endothelium in different ways. It is unclear how, specifically, IgG crosses the endothelium, but the 401 

saturation of its transport and greater localization in distinct vesicle types suggests that another receptor 402 

may be involved. 403 

Protein-specific mechanisms of paracellular and transcellular exchange can be identified and 404 

quantitatively characterized using the 3D MVNs. Such capabilities may be leveraged to investigate, for 405 

example, how different binding affinities to FcRn impact transport and recycling, or how smaller 406 

biopharmaceuticals such as Fc fragments or peptide antagonists might bypass the size-selective barrier. 407 

From a practical point of view, formation of the MVNs within microfluidic devices ensures that 408 
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relatively small amounts of molecules and reagents may be used, in a reproducible system that allows 409 

scaling for industrial applications, such as screening candidate molecules. Ultimately, the superior 410 

physiological relevance of transport measurements within the MVNs compared to standard 2D in vitro 411 

models, as well as the greater spatio-temporal control of the measurement compared to complex animal 412 

models, can increase the rate of assessment of biopharmaceuticals to help design molecules with 413 

optimized biodistribution properties and, therefore, increased efficacy and safety. 414 
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FIGURES AND CAPTIONS 

 

Figure 1. MVNs self-assemble into a continuous, perfusable endothelium suitable for transport 

measurements. (a) Schematic diagram of the MVNs microfluidic device (left) and confocal images of 

the formation of perfusable MVNs over seven days of co-culture of endothelial cells (EC) and 

fibroblasts (FB) in fibrin gel within the device (right; green = HUVECs GFP, red = dextran; the scale 

bar is 100 μm). (b) Comparison of MVNs morphological parameters (data points and error bars indicate 

average and standard deviation, respectively; n = 15) with the range expected in vivo (shaded area, 

references provided in the text). (c) HUVECs monolayer separating media and gel channels prevents 

direct solute diffusion through the matrix as visualized from a collapsed confocal microscopy image of 

70 kDa dextran (red) perfusing the MVNs (scale bar = 200 μm) and an example solute intensity profile 

within the matrix as a function of distance from the media channel after the typical measurement time 

(12 minutes) in the presence and absence of a monolayer along the gel channel. 
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Figure 2. MVNs outperform transwell systems in terms of physiological relevance of permeability 

to dextran. (a) Comparison between the 2D and 3D model of transport in the transwell and MVN 

systems, respectively. (b) Permeability of HUVEC monolayers (filled squares) and MVNs (filled 

circles) compared to other in vitro and in vivo measurements reported in the literature (references 

provided in the text). The data points and error bars represent the average and standard deviation; n = 3 

for transwell measurements, 3 x 3 measurements for the MVNs. (c) Dynamic light scattering size 

distributions of dextran as a function of molecular weight. (d) H&E stain of a MVN section showing 

two lumens and the surrounding fibroblast-rich matrix. The scale bar is 40 μm. (e) Confocal microscopy 

image of a MVN capillary (HUVECs GFP) in direct contact with fibroblasts (RFP). The scale bar is 20 

μm. (f) False-color SEM image of fibroblast (red)-coated MVN endothelium (green). The scale bar is 

1 μm. 
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Figure 3. MVNs express a functional glycocalyx. (a) Zeta potential measurement of 150 kDa dextran 

as a function of charged side-group. (b) MVN permeability to 150 kDa dextran is impacted by charged 

side-group of the solute. The box and whisker plot represents the outliers that fall within the 25th and 

57th percentile; statistical significance asserted by student’s t-test, *, p < 0.001 **, p < 0.0001 ***, p < 

0.00001 ****. (c) Collapsed confocal image of glycocalyx (lectin live stain, cyan). The scale bar is 100 

μm. (d) Confocal microscopy image of capillary section and depiction of glycocalyx thickness. 
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Figure 4. Protein permeability through MVNs is reduced due to continuous endothelial junctions. 

Transwell permeability of endothelial cells with and without co-culture with fibroblasts compared to 

MVNs in the case of human serum (a) albumin and (b) IgG. The box and whisker plot represents the 

outliers that fall within the 25th and 57th percentile; n = 3 for transwell measurements, 3 x 3 

measurements for the MVNs. (c) Immunofluorescence staining of endothelial adherens (VE-Cadherin) 

and tight (ZO1) junctions for cells plated in 2D and cells forming the MVNs. The arrows point at gaps 

in the 2D monolayer. The scale bars are 50 μm. (d) MVNs permeability to IgG and 150 kDa dextran as 

a result of pre-treatment with VEGF. Data plotted as average and standard deviation; n = 3 x 3 

measurements, statistical significance assessed by student’s t-test, *, p < 0.001 **, p < 0.0001 ***, p < 

0.00001 ****. Immunofluorescence staining for tight junctions reveals signs of junction unravelling in 

the presence of VEGF, but not gaps as seen in the monolayers. 
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Figure 5. MVN permeability to albumin and IgG depends on transcytosis. (a) Schematic diagram 

of different modes of transport across endothelia. (b) SEM image of MVN endothelial junction. The 

scale bar is 1 μm, 50 nm in the inset. The impact of temperature on MVN permeability to (c) albumin 

and 70 kDa dextran, and (d) IgG and 150 kDa dextran. The box and whisker plot represents the outliers 

that fall within the 25th and 57th percentile; n = 3 x 3 measurements. (e) Analysis of vesicular transport 

through counting of vesicles attached to the cell membrane or in transit as a function of temperature. 

Box and whisker plot as above; n > 300 vesicles per condition. The scale bar is 500 nm (f) Co-

localization analysis of albumin and IgG with markers for caveolae (CAV1) and clathrin-coated pits 

(clathrin). The scale bars are 10 μm. Statistical significance assessed for all data portrayed by student’s 

t-test, *, p < 0.001 **, p < 0.0001 ***, p < 0.00001 ****. 
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Figure 6. FcRn antagonizes luminal-to-basal transcytosis of IgG, but not of albumin. (a) MVN 

permeability to albumin and IgG as a function of solute concentration. The curve fits are based on the 

numerical model for saturation of receptor-mediated transcytosis reported in the text. (b) Co-

localization analysis of albumin and IgG with FcRn. (c) Colocalization of albumin, IgG and 150 kDa 

dextran with markers for the early endosome (RAB5) and lysosome (LAMP1); n = 2 x 5 measurements. 

(d) Schematic diagram of possible roles of FcRn in endothelial cells. (e) MVN permeability to IgG as 

a function of luminal pH and (f) endosome pH. The box and whisker plot represents the outliers that 

fall within the 25th and 57th percentile; n = 3 x 3 measurements. (g) MVN permeability to IgG as a result 

of FcRn knock-out, compared to control, positive (+), and negative (-) controls. Data portrayed as 

average and standard deviation; n = 2 x 3. Statistical significance assessed for all data portrayed by 

student’s t-test, *, p < 0.001 **, p < 0.0001 ***, p < 0.00001 ****. 
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SUPPLEMENTARY INFORMATION 

Derivation of receptor-mediated permeability relationship 

Considering for now only apical (A)-to-basal (B) transport, if a solute is only transported when bound 

to a receptor, then the flux will increase up to a maximum value: 

𝐽𝑡𝑟𝑎𝑛𝑠,𝑚𝑎𝑥 = 𝑁v,A 𝑉v 𝑆𝐴 𝑐𝑟 

where Nv,A is the rate of vesicle formation per area of endothelial cell membrane on the apical side and 

cr, the concentration of receptor per vesicle, is also the maximum concentration of solute in a vesicle 

that can be transported. The concentration of receptor per unit area of the endothelial cell membrane or 

vesicle can be calculated by knowledge of the vesicle radius.  

Up to the maximum value, the flux will increase with cA, the apical solute concentration, through a term 

that represents the fraction of cr that is occupied by solute on the apical side, ϕr,A, given by the Hill 

equation: 

𝜑𝑟,𝐴 =
𝑐𝐴

𝑐𝐴 + 𝐾d
 

where Kd is the dissociation constant for the particular receptor/solute system. The flux will, at the same 

time, decrease with the fraction of receptor that remains occupied on the basal side, ϕr,B, representing 

the solutes that do not participate in A-to-B transport: 

𝜑𝑟,𝐵 =
𝑐𝐵

𝑐𝐵 + 𝐾d
 

The A-to-B transcytotic flux is, therefore: 

𝐽𝑡𝑟𝑎𝑛𝑠 = 𝑁v,A 𝑉v 𝑆𝐴 𝑐r(𝜑r,A − 𝜑r,B) 

If we consider the overall transport in both directions (A-to-B as well as B-to-A), the overall flux will 

be given by: 

𝐽𝑡𝑟𝑎𝑛𝑠 = 𝑁v 𝑉v 𝑆𝐴 𝑐r(𝜑r,A − 𝜑r,B) 
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Where NV is the sum of NV,A, previously defined, and NV,B, the rate of vesicle formation per area of 

endothelial cell membrane on the basal side. It follows that the A-to-B permeability measured across 

the endothelium can be expressed as: 

𝑃 =
𝐽S

Δ𝑐 𝑆𝐴
= 𝑁v 𝑉v (2𝜑r,A − 2𝜑r,B)

𝑐r

∆𝑐
 

Assuming that during the time of the experiment Δc is essentially equivalent to cA, as during such time 

cA >> cB, and so B-to-A transport is negligible, and that Kd is comparable to or larger than cr, then the 

permeability can be expressed as: 

𝑃 = 𝑁v 𝑉v  
𝑐r

𝑐𝐴 + 𝐾𝑑
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Supplementary figures 

 

Supplementary Fig. 1. Permeability of (a) MVNs and (b) transwell HUVEC monolayers to dextrans 

of varying molecular weight. The lines represent curve fits for an exponential decay (𝑃 ∝

exp(− 𝑀w/𝜎)). In (b), dextran permeability is reported as a function of co-culture with fibroblasts 

placed in the bottom reservoir. No significant difference was observed between the two trends, as 

assessed by comparison between fitted exponential decay curves with parameters within one standard 

deviation for both curves. The data for both plots is represented as average and standard deviation; n = 

3. 
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Supplementary Fig. 2. (a) Permeability of transwell HUVECs monolayers (co-cultured with 

fibroblasts) to dextrans as a function of charged side groups. The box chart whiskers represent the 

outliers that fall within the 25th and 57th percentile; n = 3. Statistical significance assessed by student’s 

t-test. (b) Glycocalyx stain (lectin, cyan) of transwell HUVECs monolayer. The scale bar is 50 μm. 
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Supplementary Fig. 3. Co-localization analysis for HUVECs plated in 2D of albumin (a, b) and IgG 

(c, d) with markers of caveolae (CAV1) and clathrin-coated pits (clathrin). Statistical significance 

assessed by student’s t-test, *, p < 0.001 **, p < 0.0001 ***, p < 0.00001 ****; n = 2 x 5 measurements. 

The scale bars are 10 μm. 
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Supplementary Fig. 4. (a) MVN permeability to albumin as a result of FcRn knock-out, compared to 

control, positive (+, ICAM), and negative (-, scramble) controls. Data portrayed as average and standard 

deviation; n = 2 x 3. Statistical significance assessed by student’s t-test, *, p < 0.001 **, p < 0.0001 ***, 

p < 0.00001 ****. (b) FcRn knockdown validation by flow cytometry showing a decrease in expression 

by approximately 65 % 48 hours after siRNA treatment compared to untreated samples. 

 

 


