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Biophysical and biomolecular interactions  
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Microcirculatory obstruction is a hallmark of severe malaria, but mechanisms of parasite sequestration are 
only partially understood. Here, we developed a robust three-dimensional microvessel model that mimics the 
arteriole-capillary-venule (ACV) transition consisting of a narrow 5- to 10-m-diameter capillary region flanked by 
arteriole- or venule-sized vessels. Using this platform, we investigated red blood cell (RBC) transit at the single 
cell and at physiological hematocrits. We showed normal RBCs deformed via in vivo–like stretching and tumbling 
with negligible interactions with the vessel wall. By comparison, Plasmodium falciparum–infected RBCs exhibited 
virtually no deformation and rapidly accumulated in the capillary-sized region. Comparison of wild-type parasites 
to those lacking either cytoadhesion ligands or membrane-stiffening knobs showed highly distinctive spatial 
and temporal kinetics of accumulation, linked to velocity transition in ACVs. Our findings shed light on mecha-
nisms of microcirculatory obstruction in malaria and establish a new platform to study hematologic and micro-
vascular diseases.

INTRODUCTION
Microcirculatory disorders are associated with both infectious and 
noninfectious diseases, including Plasmodium falciparum malaria 
(1), sickle cell disease (2), and type 2 diabetes (3). Sequestration of 
P. falciparum–infected red blood cells (IRBCs) in the microcirculation 
has been recognized as a critical event in severe malaria pathogenesis 
and associated life-threatening complications, leading to approxi-
mately 500,000 deaths per year (4, 5). During the blood stage of in-
fection, P. falciparum parasites extensively modify the host erythrocyte 
cytoskeleton and membrane, resulting in altered red blood cell (RBC) 
deformability and new adhesive properties. In particular, IRBCs 
display knob-like surface protrusions that stiffen the erythrocyte 
membrane (6, 7) and present the P. falciparum erythrocyte membrane 
protein 1 (PfEMP1) ligands that mediate cytoadhesion to the vascular 
endothelium (8, 9). Both knobs and PfEMP1 are thought to contribute 
to IRBC sequestration, giving rise to enhanced disease severity through 
small vessel occlusion, tissue ischemia, and eventual organ failure 
(1, 8, 10–13). In addition, sequestered IRBCs may localize host or 
parasite-derived products that contribute to endothelial dysfunction 
and organ damage (14). Worldwide deaths attributed to malaria remain 
high, even after the introduction of more effective, faster-acting, anti-
malaria drugs (15). Investigating disease mechanisms and new thera-
peutic approaches to combine with antimalaria drugs has proven 
challenging as P. falciparum is a human tropic pathogen with com-
plications focused at the capillary and postcapillary venule (16, 17). 
As no proper in vitro human capillary model exists, inferences must 
instead be drawn from postmortem analysis or studies in non-natural 
hosts [primate infections (18) or ex vivo rat microcirculatory models 

(12)], in which host receptors are not the natural binding partners 
for P. falciparum ligands.

Within the microcirculation, RBCs (diameter dAVG = 7.5 m) 
deform as they traverse capillaries (dAVG = 3 to 10 m) that are often 
narrower than their resting-state diameters. To understand how the 
altered deformability of P. falciparum–IRBCs contributes to micro-
circulatory obstruction, the mechanics of RBC flow have been mod-
eled in vitro using narrow glass tubes or wedge-shaped, rigid PDMS 
(polydimethylsiloxane)–based microfluidic devices (19–24). While 
these approaches have demonstrated geometric thresholds for me-
chanical trapping of IRBCs (20, 25), they do not account for either 
the lubricating properties of the endothelial glycocalyx or the adhe-
sive contributions of endothelial cells (26, 27). Conversely, flow-
based, endothelial monolayer models have investigated the role of 
different host receptors in parasite cytoadhesion (28–30), yet they 
are unable to capture the geometric constraints that govern IRBC 
flow through narrow capillary constrictions or the flow rate transi-
tions encountered as cells traverse different-size microvessels. The 
altered adhesive and mechanical properties of IRBCs and the alter-
ations in flow dynamics experienced by IRBCs within microvessels 
likely all contribute to sequestration in a mutually dependent man-
ner. Without an adequate human capillary model, the contributions 
of these biophysical and biochemical factors of IRBC sequestration 
cannot be explored.

We addressed these challenges by developing a three-dimensional 
(3D) arteriole-capillary-venule (ACV) microvessel unit, in which 
endothelial cells are grown in a native extracellular matrix. After 
optimizing the design parameters of 3D capillary fabrication and 
endothelialization, we used the ACV unit to identify the distinct 
spatiotemporal dynamics of RBC capillary transit and dissect the 
individual contributions of cytoadhesion and mechanical stiffening 
to IRBC sequestration. Our study sheds light on the mechanisms 
underlying IRBC sequestration during severe malaria infection and 
provides a unique platform to study the cellular, microfluidic, and 
geometric factors that give rise to microvascular obstruction in hem-
atologic diseases.
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RESULTS
Generation of perfusable capillary microchannels via 
collagen photoablation
To create an efficient capillary model, we first fabricated an acellular 
3D ACV microvessel unit via a two-step process. First, large arteriole 
or venule-sized microchannels (lumen diameter d = 200 m, spaced 
450 m apart) were lithographically fabricated in collagen hydrogels 
(7.5 mg/ml, ~200 to 500 Pa), as previously described (31). Then, an 
array of capillary-sized microchannels or features of arbitrary user- 
defined geometries (32) were generated between the two main channels 
using multiphoton microscopy–guided femtosecond laser photoabla-
tion (fig. S1A). Ablated regions were confirmed using second harmonic 
imaging of collagen fibers (fig. S1B). Arrays of channels ranging from 
5 to 20 m in diameter were rapidly produced (~75 channels/hour) 
with high density and robust perfusability by 0.22-m fluorescent beads 
(fig. S1, C and D). The density generated (~11,600 channels/mm2 for 
5-m arrays; fig. S1D) can reach a similar or higher level than that 
observed in the human heart [1100 capillaries/mm2 in vivo; (33)].

Endothelialization of this ACV model posed substantial challenges 
as conventional methods of cell seeding after microvessel fabrication 
(31) led to sparse endothelial coverage within the microchannel arrays 
and nonperfusable vessels even after 7 days of culture. Successful 
endothelialization was achieved by leveraging the precise yet destruc-
tive nature of photoablation to simultaneously incur local endothelial 
cell injury while generating capillary-sized void spaces between two 
preformed main microvessels (Fig. 1A). This methodology encouraged 
endothelial cell migration and ingrowth into the ablated channels 
(Fig. 1B). Stable endothelial coverage was observed in the capillary- 
sized channels as early as 18 hours following photoablation (Fig. 1C 
and movie S1), and complete endothelialization of 20-m channels 
was observed after 4 days of culture under gravity-driven flow across 
the microvessels (Fig. 1B).

Photoablation-guided cellular ingrowth establishes robust 
capillaries in an ACV unit
In vivo, capillary lengths range from 150 to 500 m (34). To deter-
mine the vessel patency at high vessel density, 2 × 2 arrays of straight 
channels, consisting of either 10- or 20-m lumen diameters spaced 
5, 10, or 20 m apart, were photoablated between two preformed 
main microvessels of 200-m diameter (fig. S2). Microchannels that 
were initially separated by only 5 or 10 m demonstrated partial or 
complete fusion after endothelial cell ingrowth from the two main 
microvessels, leading to a larger vessel diameter (fig. S2, B and C). 
By comparison, microchannels of 20-m diameter separated by a 
20-m distance maintained high vessel diameter fidelity (Fig. 1B 
and fig. S2C), Whereas 10-m diameter channels exhibited incom-
plete endothelialization and patchy endothelial coverage (fig. S2B), 
vascularization was more efficient in 20-m channels. The average 
length of continuous endothelium in 10-m diameter channels was 
approximately 126.7 ± 60.2 m, corresponding to an aspect ratio 
[AR = length (l): lumen diameter (d) of 12.7 ± 6.0] (fig. S2D). In 
contrast, 20-m-diameter vessels demonstrated near-complete en-
dothelialization (365 ± 105.4 m) (AR = 18.3 ± 5.3). Moreover, 
20-m-diameter vessels exhibited clear lumens upon histological 
staining and deposited abundant type IV collagen, suggesting the gen-
eration of a robust basement membrane (Fig. 1, D and E). Together, 
these data suggest geometric constraints for small vessel size forma-
tion (a minimum distance of 20 m between two parallel small 
channels and maximum AR of approximately 12 to 18) to maintain 

vessel patency, which has consistent range with human in vivo mea-
surements for the length-to-diameter ratio (33).

In vivo, RBCs experience changes in velocity as they traverse 
different-sized microvessels within the ACV unit (35). To build a 
robust capillary model at smaller diameters (5 to 10 m) that more 
accurately mimics the in vivo vascular tree, we designed a constriction- 
shaped ACV geometry with a gradual change of diameter and a re-
duced AR for the capillary regions. This design consisted of five 
distinct regions that combine to form a symmetric hourglass shape: 
a precapillary arteriole and a postcapillary venule mimicking vessels 
with constant width (w = 40 m, l = 80 m, thereby AR = 2), which 
were connected to a capillary-sized region (w = 5 m, l = 80 m, 
AR = 16) by two flanking narrowing/expanding transition regions 
(w = 40 to 5 m, l = 105 m). This vessel design decreased the length 
of the capillary-sized region and increased the width or diameter 
of the sections that connected with the two main larger-sized mi-
crovessels, therefore promoting endothelial cell ingrowth and capillary 
patency (Fig. 1, F to J).

Two cell seeding approaches were tested for endothelialization 
efficiency and perfusability: (i) direct cell seeding of fully acellular 
channels followed by 7 days of culture and (ii) photoablation-guided 
capillary ingrowth for 4 days from two large preformed main vessels 
after 3 days of culture (7 days total). The hourglass-shaped ACV unit 
design supported robust endothelial cell ingrowth throughout the 
capillary-sized channels using both seeding approaches (fig. S3, 
A to D). While successful endothelialization could be achieved using 
either of the seeding methods (65 ± 1% versus 77 ± 7%, mean ± SEM), 
the percentage of perfusable capillaries was significantly higher when 
endothelial cells grew into the photoablated channels from pre-
formed microvessels (57 ± 12% versus 17 ± 7%, mean ± SEM, 
**P < 0.002) (fig. S3E). Implementation of photoablation-guided 
capillary ingrowth resulted in robust, consistent, and perfusable 
capillary-sized microvessels of 5- to 10-m diameter, measured via 
confocal microscopy (Fig 1, F to J, and fig. S3, A and B). Similar to 
the two main vessels, the endothelium within the ACV regions was 
positive for vascular endothelial (VE)–cadherin (a marker of inter-
cellular junctions) and von Willebrand factor (a marker of Weibel- 
Palade bodies) (Fig. 1, F to J). We further measured the diameter at 
the narrowest region of the capillary constriction zones, which ranged 
from 7.5 to 13.6 m (10.9 ± 1.8 m, mean ± SD, n = 25 capillaries) 
in confocal microscopy and 5.6 to 13.2 m (8.6 ± 2.1 m, mean ± SD, 
n = 15 capillaries) in two-photon microscopy.

Electron microscopic analysis confirmed the gradual changes 
of vessel diameter along the longitudinal direction (Fig. 1, G to I, 
and fig. S4). Ultrastructure of vessel regions with cross-sectional 
diameters larger than 20 m was often formed from two or more 
endothelial cells, connected with focal contacts and junctions be-
tween surrounding cells (Fig. 1, G1 and G2). By comparison, at 
regions of 10 m or smaller in diameter, lumens appeared to be 
enclosed by a single endothelial cell, which formed extensive focal 
contacts and complex junctions with overlapping cell peripherals 
from one or two neighboring cells (Fig. 1, G3). The lumenal wall 
displayed heterogeneous thickness, ranging from approximately 
100 nm to several micrometers at the regions of cell bodies or 
overlapping cell regions. This also led to varying vessel diame-
ters in both longitudinal and circumferential directions across 
the ACV unit, although vessels remained intact and continuous 
across almost all planes examined (Fig. 1, G and H, and fig. S4). 
Together, our data suggest an efficient approach to fabricate a 
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continuous, endothelialized, perfusable ACV unit with high fidelity 
and patency.

Normal and infected RBCs display different mechanics 
of motion and deformation across the capillary region
When normal RBCs were perfused through the completely endo-
thelialized ACV devices at full hematocrit, the presence of endothelium 
appeared to facilitate the smooth perfusion of RBCs through the 
capillary constriction region (movie S2). By comparison, in acellular 
collagen microchannels with the same hourglass geometry, RBCs 

accumulated upstream before entering the narrowest region, lead-
ing to local increases of hematocrit, as well as intermittent jetting of 
RBCs into the capillary constriction zones and much lower hematocrit 
further downstream (movie S3). This comparison of acellular and 
endothelialized microvessels reinforces the importance of the endo-
thelium in understanding the interaction of RBCs and capillaries.

We next exploited this endothelialized capillary model to study 
the biomechanical and functional differences between normal and 
infected RBCs under flow. To allow visualization of individual cells as 
they traverse the ACV units, RBCs were perfused at a low hematocrit. 

Fig. 1. Photoablation-guided capillary growth in lithography-based microvessel devices. (A) Diagram of device assembly and capillary fabrication. Main channels 
were generated by soft lithography in acrylic jigs followed by capillary generation by photoablation and endothelial ingrowth. (B) Array (2 × 2) of 20-m-diameter vessels 
demonstrates stable vessel lumens. Green: F-actin; blue: nuclei. (C) Endothelial ingrowth over 18 hours demonstrates complete vessel formation. (D and E) Cryosectioned 
capillaries were stained with (D) hematoxylin and eosin as well as (E) type IV collagen, demonstrating lumen formation by single endothelial cells and robust basement 
membrane deposition. (F) Constriction vessel design allows for the generation of sub–10-m-diameter capillaries shown in both projected and cross-sectional views. Red: 
VE-cadherin; blue: nuclei. (G to I) Ultrastructural analysis of capillary vessel regions by transmission electron microscopy (TEM) shows vessels at varying diameters (from 
40 to 10 m) in cross-sectional (G and I) and longitudinal (H) views and varying wall thicknesses and junctions at cell-cell contact in zoomed views (I). Cross-sectional views 
of vessel regions near the connection. Col: collagen substrate; *: lumen; C: cells. (J) Stitched confocal image demonstrates complete vessel network consisting of 33 cap-
illaries. Green: von Willebrand factor; blue: nuclei; red: VE-cadherin; purple: F-actin.
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When normal RBCs were perfused through ACVs at low hematocrit 
and velocities similar to in vivo capillary flow rates (≈250 to 1500 m/s) 
(34, 36), they displayed in vivo–like stretching in the capillary region 
and tumbling behavior in the pre- and postcapillary regions (Fig. 2, 
A and B, and movies S4 and S5). Normal RBCs readily traversed the 
capillary regions down to 5 m in diameter and assumed a variety 
of deformations, including parachute-like, slipper-like, and discocyte 
shapes (Fig. 2C), in agreement with previous in vivo observations 
(19), computational simulations (37, 38), and microfluidic studies 
in narrow glass tubes (38). Using edge detection–based image analysis 

(see the Supplementary Materials and Methods and fig. S5), we tracked 
the position, velocity, shape, and orientation of individual RBCs 
throughout the capillaries (Fig. 2D). Normal RBCs showed two major 
modes of motion in the capillary regions: elongation, characterized 
by stretching along the major axis by up to twofold (Fig. 2D (i) and 
movie S4), and tumbling, characterized by oscillations in major axis 
orientation (Fig. 2D (ii) and movie S5). Compared with normal RBCs, 
P. falciparum–IRBCs present increased rigidity due to knob-like 
modifications to the erythrocyte cytoskeleton (6, 7) and modest 
changes in RBC volume and its biconcave shape due to the growing 

Fig. 2. Motion and deformation of RBCs while traversing capillary constriction zones. (A) Superimposed time lapse image series of RBC motion through an endothe-
lialized vessel. Time lapse interval: 0.1 s. Scale bar, 25 m. (B) Schematic showing RBC perfusion through constriction-shaped vessel. wc = 10 m; wm = 40 m. (C) Represent-
ative examples of parachute-, slipper-, and discocyte-like RBC deformations in capillary constrictions. Scale bar, 10 m. (D) Representative traces of RBC major axis length 
and orientation for (i) stretching and (ii) tumbling RBCs, where x = 0, y = 0 is the center of the capillary; gray boxes: capillary extents. (E) Normalized extent of deformation, 
defined as the ratio of major axis length at a given position to the average major axis length in the precapillary region for (i) normal RBCs and (ii) knobless malaria-IRBCs 
(n = 3; each biological replicate is represented by one symbol, ■, ♦, ×, or ▲).
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intracellular parasite (39), which might change the IRBC mechanics 
through capillary-sized vessels. To understand how the intracellular 
parasite body contributes to the biomechanics of IRBC traversal 
through the microcirculation, independently of knob rigidification 
and cytoadhesion, we perfused a clonally derived parasite variant 
called 2G2 (fig. S6), which has been selected for lack of knobs by 
gelatin (40). Although not statistically different compared with normal 
RBCs, 2G2-IRBCs presented minimal elongation and mostly tumbled 
through the capillary region despite being perfused at similar velocities 
to normal RBCs (Fig. 2E and movie S6). Because rolling and tumbling 
along the microvascular endothelium enhance cytoadhesion and 
increase the probability of ligand-receptor interaction at high shear 
stress (41), we expect that these differences in tumbling motion may 
enhance the ability of malaria-infected RBCs to both be mechanically 
trapped and cytoadhere in capillaries.

P. falciparum–IRBCs occlude the capillary region at 
physiological hematocrit conditions
In the microcirculation, hydrodynamic forces encourage separation 
and margination of IRBCs from their uninfected RBC counterparts 
toward the vessel wall, enhancing cytoadhesive interactions with 
endothelial cells (42, 43). To investigate whether IRBCs sequester at 
physiological hematocrit concentrations (Fig. 3A), fluorescently 
labeled IRBCs (0.4 to 4% parasitemia) or normal RBCs were perfused 
at 40% hematocrit using gravity-driven flow, leading to an average 
flow rate at approximately 0.002 l/min in each capillary during the 
first 30 min of perfusion. The cell accumulation was assessed at 1, 4, 7, 
and 20 min by fluorescence imaging and was compared with flow 
modeling to relate predicted flow dynamic changes across the mi-
crovessels to retention and occlusion events (Fig. 3, B and C). Normal 
RBCs traversed the entire constriction zone with minimal seques-
tration in any vessel region (Fig. 3, C to I, and movie S7). Both labeled 
and unlabeled normal RBCs deformed as necessary to pass through 
the narrowest regions, suggesting that the membrane-labeling pro-
cedure did not significantly increase sequestration potential. By com-
parison, IT4VAR19, a knob-positive (K+) and cytoadherent parasite 
variant (PfEMP1+) (fig. S6) (44) displayed steady accumulation 
(Fig. 3C (ii) and movie S8). Kinetic video analysis demonstrated se-
questration throughout the capillary constriction zone with highest 
accumulation in the first half. Complete occlusion of the capillary 
region could be observed within minutes after initiation of flow, 
followed by accumulation of fluorescent IRBCs upstream of the 
blockage. At end point, K+PfEMP1+ IRBCs demonstrated high fluo-
rescent signals centered in the capillary region and extending into 
the post- and precapillary regions. Ultrastructural analysis showed 
that the capillary regions contained a mixture of both infected and 
normal RBCs (fig. S7, A and B), suggesting that occluded vessels may 
trap normal RBCs. By transmission electron microscopy (TEM), 
IRBCs were found in close apposition to lumenal walls, even following 
perfusion washing (fig. S7). Moreover, some IRBCs were trapped or en-
circled by the endothelial cell membranes (fig. S7) or appeared to have 
been fully engulfed by an endothelial cell (fig. S7B), as observed previ-
ously in monolayer assays with immortalized endothelial cells (45).

Parasite-induced knobs and cytoadhesion ligands make 
independent and distinct contributions to P. falciparum–IRBC 
accumulation in capillary regions
To elucidate the relative contributions of altered adhesive and me-
chanical properties in IRBC microvessel obstruction, we trypsinized 

IT4VAR19 IRBCs to remove the surface presentation of PfEMP1s 
while leaving the knobs intact (K+PfEMP1−) (fig. S8). Previous work 
by atomic force microscopy has established that P. falciparum knobs 
are unaffected by trypsin treatment (46). Following trypsinization, 
there was a marked loss of antibody recognition with two polyclonal 
antibody reagents against the first and fourth DBL domains in the 
IT4VAR19 PfEMP1 variant (fig. S8). Perfusion of K+PfEMP1− IRBCs 
demonstrated minimal sequestration throughout the constriction 
zone, with binding levels similar to normal RBCs in all vessel regions 
(Fig. 3, C to E, and movie S9). These findings suggest that while 
mechanical stiffening may contribute to IRBC margination toward 
the vessel wall in the postcapillary regions (43), surface-active PfEMP1 
is necessary to cause IRBC sequestration. Furthermore, despite the 
geometric confinement in capillaries, mechanical stiffening on its 
own is insufficient to induce the same trapping in the 5- to 10-m 
capillary-sized constrictions observed with the K+PfEMP1+ IRBCs.

We next perfused 2G2 (K−) to better understand the contribu-
tion of knobs to cytoadhesion (40), as they are thought to enhance 
PfEMP1-mediated adhesion (9, 12, 47) and increase the mechanical 
stiffening of IRBCs (48). Notably, both IT4VAR19 and 2G2 express 
endothelial protein C receptor (EPCR)–binding var transcripts (49), 
but 2G2 exhibits much weaker cytoadhesive capabilities under flow 
conditions (50). Although the weakly adherent 2G2 parasites (K−) 
exhibited higher sequestration rates than the trypsinized IT4VAR19 
(K+PfEMP1−), cell accumulation was concentrated to the second 
half of the capillary constriction zone, where cells would experience 
deacceleration and less flow shear as they transition into the larger- 
diameter region (Fig. 3, C and D, and movie S10). Together, this 
analysis identifies distinct and independent contributions of the 
microcirculatory hemodynamics and parasite-induced modifications 
to RBCs in microvascular obstruction.

DISCUSSION
Cytoadhesion of P. falciparum–IRBCs is a major virulence determinant, 
but knowledge gaps exist in how parasites cause microvascular ob-
struction, and the ability to study important human microcirculatory 
disorders in vitro has been limited to nondeformable glass or micro-
fluidic chamber platforms. Here, we describe an efficient fabrication 
approach for engineering robust and patent capillary arrays in an 
ACV unit. Our studies exploited this model to investigate normal 
and malaria-infected RBCs under perfusion and to identify sequential 
events of biomolecular and biophysical interactions between RBCs 
and capillary walls that led to parasite sequestration and microvascular 
occlusion.

Whereas normal RBCs readily traversed the narrow capillary 
constriction zones, P. falciparum–IRBCs rapidly accumulated in these 
regions. Our study identified distinct contributions of parasite- 
induced knobs and cytoadhesion ligands in cell accumulation by 
perfusing IRBCs with different knob structures and trypsinized 
IRBCs to preserve the knob structure while eliminating the cytoad-
hesion effects (46). Although trypsinized IRBCs with cleaved parasite 
cytoadhesion ligands exhibited limited accumulation in the capillary 
constriction regions, parasites lacking knobs accumulated at the 
capillary-venule transition where flow rates were deaccelerating. 
The efficient traversal of trypsinized IRBCs through narrow con-
strictions is consistent with previous microfluidic studies, which 
demonstrate mechanical trapping of IRBCs only in nondeformable 
channels below 4 m in diameter (20). Knob membrane stiffening 
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more likely contributes to splenic elimination, where interendothelial 
slits are as narrow as 3 m (51, 52). The knob-like protrusions anchor 
both the PfEMP1 cytoplasmic tail and erythrocyte cytoskeleton com-
ponents, and previous work has established that they contribute to 

both parasite cytoadhesion strength (9) and the altered mechanical 
properties of P. falciparum–IRBCs (48) and thereby provide mechan-
ical stability to the interactions between PfEMP1 and endothelial cells. 
In addition, by positioning the PfEMP1 cytoadhesion ligands above 
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the cell body (53), knobs may also facilitate adhesion. With the distinct 
spatiotemporal binding of knobless parasites, our findings suggest 
that PfEMP1 physiological display in knobs facilitates IRBC capture 
from circulation, particularly in regions of higher flow shear in the 
capillary constriction area. This is consistent with previous work in 
ex vivo rat microcirculatory models and primate studies (12, 47). 
Moreover, our findings reinforce the importance of cell deceleration 
and lower shear stress as cells exit from the capillaries, in mediating 
IRBC capture from flow. Postmortem autopsy studies have revealed 
higher IRBC accumulation rates at the postcapillary region (~3-fold 
increase as compared with precapillary regions) (17). Thus, our capil-
lary model provides the means to dissect the interdependent inter-
actions of microcirculatory hemodynamics and parasite modifications 
to malaria obstruction mechanisms.

The differences in pre- and postcapillary sequestration have been 
thought to arise from arterial-venous differences in flow rates or host 
receptor expression (54); nonetheless, this question has been difficult 
to study. In an ex vivo rat mesoappendix model, IRBC sequestration 
initiated in venules and sometimes extended upward by retrograde 
aggregation into the capillaries and arterioles (12). Although the rat 
mesoappendix model has been valuable to explore parameters in-
fluencing IRBC sequestration, recent work has also shown that severe 
malaria is linked to EPCR (49, 55, 56), which is highly divergent 
between humans and rats. Notably, both parasite lines used in this 
study (IT4VAR19 and 2G2) express EPCR-binding PfEMP1; thus, 
our human capillary constriction model has advantages in investi-
gating the cytoadherence of severe malaria isolates in an in vitro 
human model.

A limitation of this model is the use of human umbilical cord 
endothelial cells (HUVECs), a cell type from large-vessel origin. 
However, HUVECs are commonly used to develop new 3D vascular 
platforms, and future studies can build on our design principles to 
incorporate different endothelial cells to develop organ-specific 
ACV units. In addition, the study of single-cell dynamics is chal-
lenging because of the lack of precise flow control in individual capil-
laries, owing to the parallel nature of many capillaries between the 
two main vessels in our system and the varying diameters in each 
capillary, similar to vessels found in vivo. Nevertheless, our ACV unit 
mimics physiological flow transitions within the microcirculation 
and could distinguish spatial and temporal binding differences be-
tween normal RBCs and IRBCs, as well as between wild-type parasites 
and parasites lacking PfEMP1 or the knob-like protrusions. Notably, 
parasite knob densities differ widely between fresh ex vivo parasites 
(57) and may also be modified in severe malaria infections (58), but 
it is unknown whether these variations modify IRBC cytoadhesion 
efficiency or influence disease severity. Our ACV model provides a 
fundamentally new approach to investigate microvascular obstruction 
in an in vitro human model. The success sheds light for future ther-
apeutic development in treating blood-stage malaria and provides a 
potential platform for the studies of other microvascular disorders, 
such as sickle cell anemia, or in the context of transfusion medicine 
of blood products.

MATERIALS AND METHODS
Multiphoton ablation for the generation of acellular ACV unit
First, two parallel microchannels were fabricated via lithography and 
injection molding–based techniques in collagen gel, as described 
previously (31), to mimic arteriole- and venule-sized vessels. Next, 

multiphoton photoablation was performed in collagen gel between 
these two parallel microchannels using a Mai Tai DeepSee Ti:S laser 
(maximum power, 2.57 W) coupled with an Olympus FV1000MPE 
BX61 microscope fitted with a water immersion objective lens (25×, 
numerical aperture = 1.05). Microchannels and surrounding collagen 
regions were first identified by imaging of second-harmonic genera-
tion signals produced by collagen microfibers at excitation wavelength 
ex = 860 nm and detection wavelength detector = 420 to 460 nm. 
Individual capillary-sized channels were designed within the colla-
gen matrix by designating 3D regions of interest using the Olympus 
Fluoview software and then ablated by laser rastering ( = 800 nm, 
I = 100%, pixel dwell time = 2 s, 10 to 15 line repeat scans). Laser 
scanning in the X, Y, and Z dimensions were performed at ~1-m 
step sizes. After the ablation, 0.22-m-diameter fluorescent micro-
beads were perfused from one side of the main channels across the 
newly created capillary-sized channels to the other side at a pressure 
drop of 1 cmH2O for 10 min, followed by imaging for evaluation of 
perfusability (fig. S1).
Endothelializing ACV unit
Two different procedures were investigated to form the endotheli-
alized ACV units: (i) direct cell seeding of acellular channels and (ii) 
endothelial cell ingrowth after photoablation (figs. S2 and S3). In 
the first approach, the acellular ACV unit is first fabricated by photo-
ablation, followed by seeding cells into the fully acellular device 
through the inlets of the two main parallel channels with 10-l per-
fusions of HUVECs (Lonza, passages 3 to 7, with EBM basal medium 
supplemented with EGM endothelial cell growth medium) at a den-
sity of 8 × 106 cells/ml. Once the cells were attached, the devices 
were cultured under gravity-driven flow across the capillaries be-
tween the two main channels for 7 days. To create a gravity-driven 
flow, 200 and 180 l of culture media was placed in the two main 
channel inlets to set the initial pressure drop at approximately 1 cmH2O, 
leading to a peak velocity of approximately 1 mm/s across the ACV 
unit between the two main channels. The pressure drop was reset 
every 12 hours to maintain flow in the capillary regions.

In the second approach, the two main microchannels were first 
seeded with 10-l perfusions of HUVECs at a density of 8 × 106 cells/ml 
and cultured for 3 days to form robust endothelialized lumens. 
Multiphoton photoablation was then performed to create micro-
channel void spaces that tapered down to 5 m in diameter within 
the collagen scaffold between the lumenal wall of the two main vessels 
and ablate endothelial cells at the two end connections. Cellular and 
collagen ablation was confirmed by imaging identical areas after ab-
lation using transmitted light and by second-harmonic generation 
imaging. The ablated vessels were then cultured for an additional 
4 days to allow for endothelial cell ingrowth. The culture was main-
tained at the same pressure drop as the first approach and replenished 
twice a day with fresh culture media.

Parasite culture
P. falciparum parasite lines were cultured using anonymized human 
O+ type RBCs (Valley Biomedical) in RPMI 1640 (Gibco) supplemented 
with 10% human type A+ serum in a gas mixture of 90% N2, 5% CO2, 
and 5% O2. The knobless parasite line 2G2 was previously derived 
by lack of gelatin floatation followed by limited dilution cloning (40), 
while the IT4VAR19 line was generated after repeatedly panning on 
transformed human brain microvascular endothelial cells followed by 
limited clonal dilution (59, 60). Mature-stage IRBCs were enriched to 
60 to 90% parasitemia by magnetic separation (MACS Cell Separator, 
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LD Columns, Miltenyi Biotec) before perfusion for single-cell and popu-
lation dynamics experiments. Both parasite lines predominantly express 
a single var gene and were derived from the IT4/FCR3 parasite genotype.

Monitoring RBC perfusion through capillaries at  
the single-cell scale
Magnetic enriched mature-stage P. falciparum–IRBCs or packed RBCs 
were resuspended in 10% fetal bovine serum (FBS)–containing EGM 
at 5 × 106 cells/ml, allowing the visualization of individual cells as 
they traverse the ACV devices. The dilute cell suspension was placed 
in the inlet and outlet of one microchannel at a maximum initial 
pressure drop of approximately 1 cmH2O, creating a hydraulic gradient 
between the two microchannels and establishing gravity-driven flow 
across the capillaries. The peak velocity of the RBCs across the center 
capillary zone was approximately 1 mm/s. In single-cell dynamics 
studies, the pressure drop and resulting velocity rate were maintained 
and slightly adjusted over the course of the assay by removing or 
adding a small volume (~5 l) of cell suspension from the inlet to 
maintain the RBC velocity in this range and allow for video capture 
of single-cell dynamics. The motion of individual RBCs within one 
of the capillary constriction channels was visualized with a Nikon 
TiE inverted widefield microscope, and videos were acquired at 20× 
and 250 to 500 frames/s using an Orca-Flash4.0V2 Digital CMOS 
camera (Hamamatsu). After acquisition, videos were analyzed using 
custom MATLAB scripts. For experiments with 2G2, videos were 
previously inspected, and only IRBCs with hemozoin were used in 
the downstream analysis. Briefly, individual frames containing RBCs 
were smoothed using a Wiener filter, inverted, then background 
subtracted using a mean filter. RBCs were detected by applying a 
Canny edge detection operator. Small gaps in RBC outlines were 
closed automatically using an edge-linking algorithm or manually 
(fig. S5). Individual RBC outlines were linked into trajectories based 
on displacement between outlines in different frames. Out-of-focus 
and overlapping RBCs were excluded from the analysis. Biological 
replicates were taken in at least two different days.

Monitoring RBC perfusion at physiological hematocrit
Magnetic enriched mature-stage P. falciparum–IRBCs or packed RBCs 
were fluorescently labeled according to the PKH26 Red Fluorescent 
Cell Linker Kit (Sigma-Aldrich). To simulate blood with physiological 
parasitemia, labeled cells (normal RBCs or IRBCs) were added to 
unlabeled normal RBCs at a final parasitemia of 0.4 to 4% (iRBC/total 
RBC) and then diluted to 40% hematocrit in EGM (containing 5% FBS). 
RBCs were encouraged to flow across the device driven by a pressure 
drop of approximately 1 cmH2O for 20 min, leading to a peak velocity 
of approximately 1 mm/s, mimicking measured physiological veloc-
ities within the capillaries (34). The perfusion of RBCs was monitored 
and imaged at different fields of view (three capillary channels in 
each field of view) and continuous time frames. At the beginning of 
the perfusion, devices were quickly scanned to identify perfusable 
channels. Videos were taken for 10 s for each perfusable channel in 
the same order at each time point to determine the location and 
extent of binding after 1, 4, 7, and 20 min of perfusion. Each condition 
was repeated in independent days.
Population dynamics analysis
Quantification of population dynamics was performed on fluorescent 
images taken after 20 min of perfusion. Images were normalized be-
tween average background values and peak fluorescent intensity values, 
and a two-pixel radius median filter was used to remove speckle noise 

using MATLAB. Masks were manually drawn to outline individual 
capillary constriction channels using ImageJ. Average fluorescent 
intensity was calculated at each x position as the sum of intensity 
values across the y dimension divided by the diameter of the vessel 
at this position. The central point of each capillary region was deter-
mined, and the average intensity maps were lined up across all images 
at this central point.

Trypsin treatment and flow cytometric analysis
IT4VAR19 trophozoite-stage enriched IRBCs were treated with a 
trypsin (66.67 g/ml; Sigma-Aldrich) solution in 1× phosphate-buffered 
saline for 30 min at 37°C, followed by an inhibition with an equal 
volume of FBS before perfusion of capillary devices. To determine 
PfEMP1 surface expression after trypsinization, an IT4VAR19 culture 
was incubated for 30 min at 37°C with a trypsin solution (10 g/ml). 
Surface PfEMP1 was recognized with rat polyclonal antibodies 
against IT4VAR19 DBL2 and DBL6 (1:10) for 30 min at 4°C, 
followed by an incubation with goat anti-rat immunoglobulin G–
Alexa Fluor 488 (1:400, Molecular Probes) for 30 min. Infected 
erythrocytes (parasite nuclei) were detected with ethidium bromide 
(2 g/ml; Invitrogen). Stained cells were washed in phosphate- 
buffered saline and analyzed on an LSRII fluorescence-activated 
cell sorter machine (BD Biosciences). Analysis was performed using 
FlowJo 10 (Tree Star Inc., Ashland, OR).

Statistical analysis
All results are presented as means ± SE and assumed to be distributed 
approximately normally. The sample number represents the number 
of microvessel devices (ACV units) fabricated and analyzed unless 
otherwise noted. Single variable analysis with two-tailed t test 
assuming unequal variance was used to determine statistical signif-
icance between two samples for analysis of perfusability and endo-
thelialization efficiencies. Two-way analysis of variance (ANOVA) 
was used to determine significance in population dynamics data, 
followed by Dunnett’s multiple comparisons test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/3/eaay7243/DC1
Supplementary Materials and Methods
Fig. S1. Photoablation-guided fabrication of acellular capillary-sized microchannels.
Fig. S2. Cellular limitations of capillary fabrication.
Fig. S3. Endothelialization strategies for capillary network.
Fig. S4. Ultrastructural analysis of vessels at capillary regions across the ACV units imaged 
via TEM.
Fig. S5. Edge detection workflow for studying traversal of single RBCs through a capillary-sized 
constriction.
Fig. S6. Transcriptional profiling of var gene expression in the two parasite lines.
Fig. S7. Ultrastructural analysis of capillary region after perfusion of RBCs imaged via TEM.
Fig. S8. Trypsin cleaves the surface-expressed IT4VAR19 PfEMP1 variant.
Movie S1. Endothelial ingrowth into 20-m capillaries between two large vessels after 
photoablation.
Movie S2. Representative video of normal RBCs perfused through endothelialized capillaries at 
physiological hematocrit.
Movie S3. Representative video of normal RBCs perfused through acellular collagen 
capillary-shaped channels at physiological hematocrit accumulating a significant amount 
before entering the capillary region and jetting and leading to significantly lower hematocrit 
into the downstream.
Movie S4. Representative video of normal RBCs stretching through capillaries (diameter, ~10 m) 
when perfused at the single-cell scale.
Movie S5. Representative video of normal RBCs tumbling through capillaries (diameter, ~10 m) 
when perfused at the single-cell scale.
Movie S6. Representative video of 2G2 IRBCs tumbling through capillaries (diameter, ~10 m) 
when perfused at the single-cell scale.

http://advances.sciencemag.org/cgi/content/full/6/3/eaay7243/DC1
http://advances.sciencemag.org/cgi/content/full/6/3/eaay7243/DC1
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Movie S7. Representative video of normal RBCs perfused through the capillaries at 
physiological hematocrit with no cell accumulation in the lumen.
Movie S8. Representative video of IT4VAR19 IRBCs perfused through the capillaries at 
physiological hematocrit accumulating a significant amount and blocking the capillary flow.
Movie S9. Representative video of trypsinized IT4VAR19 perfused through the capillaries 
showing a significant decrease in cell accumulation and not blocking the capillary flow.
Movie S10. Representative video of 2G2 IRBCs perfused through the capillaries at physiological 
hematocrit accumulating at postcapillary regions but not blocking the capillary flow.
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