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Plasmodium sporozoite shows distinct
motility patterns in responses
to three-dimensional environments

Zhenhui Liu,1 Songman Li,1 Pooja Anantha,1 Tassanee Thanakornsombut,2 Lintong Wu,1 Junjie Chen,1,3,4

Ryohma Tsuchiya,1,3,4 Abhai K. Tripathi,2,* Yun Chen,1,3,4,5,* and Ishan Barman1,*
SUMMARY

Duringmalaria infection, Plasmodium sporozoites, the fast-moving stage of the parasite, are injected by a
mosquito into the skin of themammalian host. In the skin, sporozoites need tomigrate through the dermal
tissue to enter the blood vessel. Sporozoite motility is critical for infection but not well understood. Here,
we used collagen hydrogels with tunable fiber structures, as an in vitromodel for the skin. After injecting
sporozoites into the hydrogel, we analyzed their motility in three-dimension (3D). We found that sporo-
zoites demonstrated chiral motility, in that they mostly follow right-handed helical trajectories. In high-
concentration collagen gel, sporozoites have lower instantaneous speed, but exhibit straighter tracks
compared to low-concentration collagen gel, which leads to longer net displacement and faster dissemi-
nation. Taken together, our study indicates an inner mechanism for sporozoites to adapt to the environ-
ment, which could help with their successful exit from the skin tissue.

INTRODUCTION

Malaria remains one of the most severe public health problems globally. There was an estimated 247 million cases of malaria and 619,000

deaths worldwide in 2021.1 The disease is caused by the Plasmodium parasites, which are transmitted to the human host through a bite

from an infected Anopheles mosquito. During blood meal, sporozoites, a highly motile stage of the parasite, are inoculated into the skin,

where they need to migrate through the dermal tissue to enter the blood vessels. Through circulation, sporozoites reach the liver and invade

hepatocytes to begin an exoerythrocytic stage of the parasite’s life cycle. The skin stage is a significant bottleneck as only 10–100 sporozoites

are inoculated by a mosquito bite,2–7 of which only about 20% successfully enter blood circulation.8,9 Sporozoites in search for blood vessels

staymotile for up to 2 h in the dermis,9 whichmakes sporozoites the longest extracellular stage ofmalaria parasites within the human host.10,11

Therefore, the skin stage represents an attractive target for the development of prophylactics, and further understanding of the mechanisms

that mediate sporozoite motility is an important prerequisite.12–17

Plasmodium, along with otherApicomplexa, have a unique way of locomotion referred to as glidingmotility.18–20 Unlike other types of cell

migration such as flagellar propulsion, mesenchymal migration, or ameboid migration, the gliding motility does not require any protrusions

from the cell or change in cell shape.19 Gliding motility has been observed in different stages of Plasmodium parasites including sporozoites,

ookinetes, and merozoites,21,22 which is considered to be powered by the actomyosin motor that drives the posterior translocation of adhe-

sins binding to the substrate, and in turn, propels the parasite forward.19,23 Fast-moving characteristics of sporozoites are critical for the exit of

parasites from the skin and finding a blood vessel,24 and efforts have been made to characterize their motility. In vivo studies involve inocu-

lating and imaging fluorescent sporozoites in the skin of mice.8,10,13,25 Amino et al. first described that sporozoites exhibit two types of

motility,8 which was later confirmed by Hopp and colleagues.9 Away from blood vessels, they move at high speed with greater mean squared

displacement, whereas in the vicinity of blood vessels, they slow down and display circular motion. The authors observed that the curvature of

sporozoite tracks engages with vasculature to optimize contact with dermal capillaries.10 On the other hand, Hellmann et al. found that sporo-

zoite movement patterns vary in different skin environments, in that the sporozoites inoculated in the tail skin followed straighter paths

compared to those in the ear.25 Both studies indicate the microenvironment plays an important role in regulating the sporozoite motility.

However, the in vivo microenvironment is complex, making it difficult to dissect the role of individual components within the dermal matrix.

In vitromodels such as two-dimensional (2D) and three-dimensional (3D) substrates, on the other hand, are a practical way to investigate

sporozoite motility in a more controlled environment. Sporozoites are known to move in counterclockwise circles on a 2D glass surface. They
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Figure 1. Schematics of the workflow for 3D sporozoite migration analysis

(A) Mosquitos were infected with P. berghei-mCherry, and the salivary glands were dissected and homogenized to extract the sporozoites. Sporozoites were then

injected into collagen I hydrogels of different concentrations.

(B) Timelapse z stack images were acquired using a confocal microscope.

(C) Images were processed and (D) analyzed for sporozoite 3D motility.
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move in a stick-slip manner using the formation and turnover of discrete adhesion sites.26,51,52 Their chirality might be due to the polar rings

and secretory organelles being tilted, allowing for the formation of adhesion with substrates on only one side.26 In 3D hydrogels, sporozoites

were observed to mostly move in helical trajectories,27 and their movement is sensitive to the stiffness and porosity of the hydrogels.22

However, there are a few limitations in the existing in vitro studies. First, to date most of the in vitro studies were performed in hydrogels

made of materials such as Matrigel or polyacrylamide.22,28 These hydrogels, although providing valuable insights, do not necessarily fully

represent the composition, microscale architecture, and mechanical properties of skin tissues, whose extracellular matrix is primarily made

of collagen I. Second, images were either captured using a widefield microscope or first captured in several z stacks with a confocal micro-

scope but then projected onto the X-Y plane for visualization and analysis,22,29 thereby not providing the 3D perspective of sporozoite

movement.

In this study, we introduced collagen-I-based hydrogels as the platform to study sporozoite locomotion. The fiber density and stiffness of

the collagen I hydrogel can be tuned to represent the range of corresponding values found in the skins of different individuals. We injected

Plasmodium berghei sporozoites expressing the fluorescent protein mCherry10 (P. berghei-mCherry) into the hydrogel, mimicking the pro-

cess of mosquito inoculation. Three-dimensional timelapse images were collected of sporozoites migrating within collagen using a confocal

fluorescence microscope (Figure 1). Trajectory analysis revealed that sporozoites move in a helical path, with a dominant predisposition for

right-handed chirality. The speed and the pattern of the helical path are highly dependent on the local availability of collagen fibers to the

migrating sporozoite.

RESULTS

Collagen I hydrogels support continuous sporozoite motility

We used collagen I hydrogel, the main component of dermal extracellular matrix (ECM), as the model system to study the 3Dmotility of spo-

rozoites. To determine the relation between sporozoite motility and collagen fiber structure, we first fabricated hydrogels of various collagen

concentrations ranging from 1.5 to 6 mg/mL at various gelation temperatures.30 After injection, P. berghei-mCherry sporozoites showed

continuous motility in hydrogels of concentrations ranging from 3 to 6 mg/mL, which were cured at 37�C (Videos S1, S2, and S3). In contrast,

sporozoites were immobile or frequently detached from the collagen fibers in 1.5 mg/mL collagen hydrogels (Figure S1, Video S4). Sporo-

zoites were immobile in all hydrogels cured at room temperature (�22�C), regardless of the concentration (Video S5). Collagen fiber
2 iScience 27, 110463, August 16, 2024



Figure 2. Quantification of the collagen I fiber microstructure and hydrogel stiffness

(A) SEM images of dehydrated collagen I hydrogels of different concentrations. Scale bar: 2 mm.

(B) Collagen fiber diameter distribution from CT-FIRE analysis on the SEM images.

(C) Fiber surface area per unit hydrogel volume in collagen hydrogels of different concentrations.

(D) Schematic showing the indentation measurement for hydrogel stiffness. Measurements were performed in the region marked by the red square.

(E) The x-z view of an overlaid image of fluorescence and reflectance signals of collagen I hydrogel during indentation measurement. The hydrogel is decorated

with green fluorescent nanoparticles, and the surfaces of the coverslip and microbead are demarcated in white.

(F) Stiffness of collagen hydrogels at different concentrations. n = 3.

(G) Frequency of sporozoite stops during the period of 3D image acquisition. Stops are defined as the duration in which sporozoites have a speed lower than

0.15 mm/s, significantly lower than gliding motility speed.
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organizations were imaged using interference reflectance microscopy (IRM), and among those cured at 37�C, visually we observed that the

1.5 mg/mL hydrogels exhibited a low fiber density. Hydrogels cured at room temperature all formed sparse fiber clusters, including the ones

cured using the highest concentration of 6 mg/mL (Figure S2). We note that in those hydrogels, while the density within the fiber clusters was

high, the spacing between clusters was relatively large, resulting in low local fiber density between fiber clusters where sporozoites moved.

Taken together, we conclude that local availability of collagen (i.e., fiber density) is an important parameter for sporozoite motility. Low local

fiber densities observed in gels consisting of 1.5 mg/mL collagen or those cured at room temperature resulted in immobility or detachment.

Therefore, we used collagen I hydrogels at concentrations of 3, 4.5, and 6 mg/mL, cured at 37�C for the subsequent sporozoite motility mea-

surements in the rest of the study.

To quantitatively determine the relationship between collagen hydrogel fiber structure and sporozoite motility, we imaged hydrogels of

various collagen densities using scanning electronmicroscopy (SEM). Upon visual inspection, we observed that higher collagen concentration

corresponded to higher fiber density (Figure 2A). We next employed CT-FIRE,31 an algorithm that automatically extracts fibers from SEM im-

ages, to quantify the fiber diameter. This showed that collagen hydrogels at 6 mg/mL hydrogels have an average fiber diameter of 66.7 nm,

slightly thinner than hydrogels prepared at 3 and 4.5 mg/mL, whose average fiber diameters were 71.5 and 71.0 nm, respectively (Figure 2B).

Given that the dry density of collagen is 1.3 g/cm3,32 the fiber surface area per unit volume of hydrogel could be estimated:

Sfiber : Vhydrogel =
c

r,
�p
4
D2

�,pD (Equation 1)

where c is the collagen concentration, r is the collagen dry density, and D is the fiber diameter. The Sfiber:Vhydrogel ratio was higher at higher

collagen concentrations, matching our qualitative assessment based on IRM images (Figure 2C). Therefore, the Sfiber:Vhydrogel ratio is a suit-

able metric of local fiber availability to migrating sporozoites.
iScience 27, 110463, August 16, 2024 3



Figure 3. Chirality of sporozoite motility

(A) Maximum intensity projection of sporozoite on collagen-coated glass over time. (Right) The sporozoite indicated with the red box moving counterclockwise.

(B) Examples of left-handed (left) and right-handed (right) helical trajectories of sporozoites in collagen hydrogels. The tracks are color-coded with time.

(C) The chirality of sporozoites on 2D surfaces and in hydrogels of different concentrations are shown. We note that the chirality in 2D was determined by

inspecting the 2D movies acquired by an inverted microscope. Sample size: N2D = 33, N3.0 = 39, N4.5 = 37, N6.0 = 29. CCW, counterclockwise.
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In addition, we measured the stiffness of hydrogels, which is known to also change with collagen concentrations.33 Based on the mi-

crobead indentation measurement (Figures 2D and 2E),34 the stiffness of 3, 4.5, and 6 mg/mL hydrogels was 0.20 G 0.02, 1.94 G 0.32,

and 8.06 G 0.93 kPa (Figure 2F). The stiffness of 6 mg/mL hydrogels was comparable to the average Young’s modulus of human skin

dermis,35,36 thus providing physiologically representative information. As collagen concentration decreased, the stiffness decreased signif-

icantly. We note that both Sfiber:Vhydrogel and stiffness values of hydrogels associated with different collagen concentrations exhibited an in-

verse trend relative to the stop frequencies of sporozoites (Figure 2G). These results suggest that the local availability of collagen and/or the

hydrogel stiffness are important for the 3D motility of sporozoites. Further investigations are required to decouple the two factors and their

separate contribution on sporozoite migration.

Sporozoite gliding trajectories are dominantly right-handed helices

We proceeded with characterizing the sporozoite gliding motility pattern on 2D surfaces and in 3D collagen gels of various fiber organiza-

tions. On 2D surfaces, we observed that sporozoites move in counterclockwise circles (Figures 3A and 3B, Video S6) in agreement with pre-

vious studies.26,51 Next, we examined how such chirality is manifested when sporozoites are placed in physiologically representative 3D mi-

croenvironments. We acquired time-lapse z stack images of moving sporozoites in hydrogels and analyzed the 3D trajectories. We found that

sporozoites move forward in a distinct helical path. Next, we evaluated how well the trajectories conform to a left-handed or right-handed

helix, known as chirality. Helical motion is right-handed when the path of motion along the helix’s axis moves toward the observer following

a counterclockwise direction. We note that the trajectories were not perfect helices, and we sometimes detected slight deflection in the helix

axis. Sometimes the velocity varied fromone turn to the next, too. Therefore, we quantified chirality by calculating the percentageof their time

moving in the right-handed helix as a percentage of the duration of observation (see the STARMethods section for details). Both left-handed

and right-handed helical trajectories could be seen in sporozoite motility (Figure 3B). Between the two motility modes, right-handed helical

motion is dominant in all conditions tested. Specifically, sporozoites followed right-handed helical trajectories �80% of the time in 3 and

4.5 mg/mL collagen hydrogels and 94% in 6 mg/mL collagen hydrogels (Figure 3C). The chirality in 2D was determined by inspecting the

2D movies acquired by an inverted microscope, following the previously established protocol for analyzing the trajectories of sporozoites

moving on 2D surface. Expectedly, our results agreed with the previous studies where 2D sporozoite migration was imaged using an inverted

microscope and exhibited dominantly counterclockwise motion.37

Sporozoites show lower speed but faster dissemination in dense hydrogel (6.0 mg/mL) compared to others

Sporozoites are known to undergo stick-and-slip shuffles when gliding on 2D surfaces. To examine whether this pattern is conserved in 3D

migration, we calculated the instantaneous speed of sporozoites over time, based on the reconstructed 3D trajectories. Consistent with pre-

vious studies, we found that sporozoites alternate between fast and slow phases on collagen-I-coated glass surfaces, with the slow phase

50%–70% slower than the fast phase. Inside collagen gels, although the instantaneous speed of sporozoites still exhibited fast and slow

phases, the difference between the two phases was much smaller, where the slow phase was only 10%–20% slower than the fast phase (Fig-

ure 4A). This is also reflected in the normalized distribution of the instantaneous speed, which shows a smaller spread for sporozoites in

collagen gels (Figure 4B).

Next, we quantified the magnitude of sporozoite speed. We found that on average, sporozoites moved at 2 mm/s in 3 and 4.5 mg/mL

hydrogels. However, in 6 mg/mL hydrogels, the magnitude of the moving speed was significantly lower, at 1.7 mm/s (Figure 4C). It is widely

accepted that the high speed of sporozoites is the key to efficient dissemination from the injection sites into the dermal tissue in vivo. There-

fore, we measured the dissemination of sporozoites in physiologically representative collagen hydrogels by calculating the mean squared

displacement (MSD) over time (Figure 4D). A steeper slope of theMSD curve signifies faster dissemination. Interestingly, sporozoites dissem-

inated much faster in 4.5 mg/mL and 6 mg/mL hydrogels compared to 3 mg/mL hydrogels, contrary to the trend observed in the instanta-

neous speed. By fitting the MSD curves to the diffusion model [Cr2ðtÞD = Kat
a], we found that in 4.5 mg/mL and 6 mg/mL hydrogels,
4 iScience 27, 110463, August 16, 2024



Figure 4. Speed patterns of sporozoites in collagen I hydrogels and on collagen-I-coated glass surfaces

(A) Exemplary instantaneous speed curves of sporozoites on collagen-coated glass surfaces (first column), in 3mg/mL second column), 4.5 mg/mL (third column),

and 6 mg/mL (fourth column) collagen I hydrogels.

(B) Distribution of the instantaneous speed of sporozoites.

(C) Average instantaneous speed of sporozoites. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns., not significant. The error bar indicates the standard

deviation. This applies to other figures unless stated otherwise.

(D)Mean squared displacement of sporozoites. Themarkers show themeasured result, and the solid lines show the fitting to the diffusionmodel [Cr2ðtÞD = Kat
a ],

with the power a indicated.
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sporozoites are in a superdiffusive state, where the power a is 1.63 and 1.60, respectively. Thismeans the sporozoites havemore rapid dissem-

ination than the rate of Brownian motion (a = 1). In comparison, sporozoites in 3 mg/mL hydrogels are in a subdiffusive state (a = 0.88).

Sporozoites follow straighter trajectories in denser hydrogels

Next, we sought the explanation for the observation that sporozoites disseminate faster at high collagen concentration, despite lower mag-

nitudes of average speed. As sporozoites follow helical trajectories, their dissemination is affected by both the shape of each helical loop and

the overall directionality of the helix axis. First, we parameterized the shape of each helical loop by calculating the radius of the helix, as well as

the forward displacement of the sporozoite after completing one loop (pitch). We found that higher collagen concentrations correlated with

larger pitch lengths (Figure 5A) and the radius became smaller (Figure 5B). On the other hand, examining the time required for sporozoites to

complete one helical loop (period) revealed that no significant difference existedbetween the three concentrations (Figure 5C). The change in

the shape of helical loops is illustrated in Figure 5E. Second, to analyze the directionality of the axis of helix, we used the coordinates of spo-

rozoites after completing each helical loop as an approximation for the axis (Figure S6). Then we calculated the straightness of the axis and

found that it is higher in high-concentration collagen gels (Figure S3). Together with the fact that the pitch became larger, and the radius

became smaller, our observation indicates that the linearity of the trajectory increased with the collagen concentration (Figure 5D). In other

words, at higher collagen concentration, sporozoites moved in a straighter and narrower helical trajectory. We concluded that the straighter

trajectories contributed to faster dissemination at higher collagen concentrations. In addition, we crosslinked 3 mg/mL collagen hydrogels

using genipin to increase their stiffness by 20-fold while not affecting the fiber density. We found that it did not drastically change the sporo-

zoite motility (Figure S4), suggesting ECM stiffness plays a minor role in modulating sporozoite motility.
iScience 27, 110463, August 16, 2024 5



Figure 5. Parameterization of the helical pattern of sporozoite gliding motility

(A–D) Pitch, radius, period, and track straightness of sporozoite helical trajectories in collagen hydrogels of different concentrations.

(E) The helical pattern changes along with collagen concentration.
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DISCUSSION

In this study, we conducted the first-ever characterization of sporozoite motility in 3D. The 3D trajectories recorded here provided a more

realistic picture than 2D tracking regarding how sporozoites move. Taking into account their movement in the z direction, the measured

speed was more informative of what occurs in physiological conditions (Figure S5). Our experimental and analytical pipeline is a useful addi-

tion to the toolbox for studying sporozoite gliding motility.38 Moreover, several interesting findings made here may inspire future studies.

First, we found that the speed and linearity of the sporozoitemotility also changed as a function of collagen concentration. This implies that

sporozoites are equippedwith adaptability tomove in different environments. Several previous studies had shown that the sporozoitemotility

in vivo is location dependent, such as rat tail vs. ear10 or near vs. away from blood vessels.25 Collagen concentrations differ from each other in

these locations. Our results suggest that, among many variables pertaining to different tissue contexts, indeed ECM concentration, or ECM

availability, can be an important factor in modulating sporozoite motility. Specifically, our results aligned well with a recent study, which

described two states of sporozoite motility: (1) low-speed, circular-moving, subdiffusive state 1 close to blood vessels, and (2) high-speed,

forward-moving, superdiffusive state 2 far from blood vessels. The similarity is obvious if we compare the two states with motility in 3 and

6 mg/mL gels in our results, in terms of the track linearity and dispersion. Intermediate behaviors exist between the two states, just as we

have shown with 4.5 mg/mL gels. The speed for state 1 is significantly lower than typical sporozoite motility, which we suspect is a result

of sporozoites stopping more often. If that is the case, it again aligned with our finding of higher stop frequency in 3 mg/mL gels. In another

related study, Hellmann et al. studied sporozoites in micro-fabricated pillar arrays and found that as they varied the substrate design such as

the pillar-to-pillar distance, the trajectory and speed of sporozoites changed accordingly.25 This along with our findings indicates that without

additional biochemical cues, sporozoites are able to adapt to their physical surroundings by varying their moving parameters.

Second, we found that sporozoites demonstrated a right-handed chirality in their helical trajectories. In another study, Kan et al. showed

that P. berghei ookinetes mostly moved in left-handed helices.28 Ookinetes and sporozoites are different stages of plasmodium parasites,

and they differ a lot in terms of morphology, movement speed, etc. However, it is still striking to see that they showed completely different

chirality. It would be interesting to further investigate the determinant of the chirality and find out what causes the switch.

The new insights from our study open the door to a few interesting future directions. For example, Vanderberg found that sporozoites of

P. berghei, Plasmodium cynomolgi, and Plasmodium falciparum each have distinct moving patterns in vivo, and even P. berghei sporozoites

from oocysts and from salivary glands move differently.39 To quantify the motility characteristics resulting in these distinct moving patterns

sporozoite across species or across developmental stages, collagen hydrogels are suitable in vitro models.

Our study also has limitations. For example, Korne et al. found that syringe-injected sporozoites had slowermigration anddecreased infec-

tivity inmice, which was likely due to the alteration of dermal tissues by the injection of fluid.4We also observed that close to the injection sites

there were areas filled with fluids but devoid of collagen fibers, possibly caused by themechanical impact of needle injection. To better mimic

the much gentler process of a mosquito bite causing negligible ECM alterations, in future studies microneedles should be employed for in-

jection, or real mosquitos should be used to inoculate sporozoites. Moreover, although collagen I is themain component of the dermal ECM,

it is not the only component. A more comprehensive hydrogel model should be established, which includes other components such as fibro-

nectin and collagen IV, to develop a better mimicry of the skin tissue mechanically and biochemically. This hydrogel model might serve as a

screening tool for the effect of malaria prophylactics and drugs on sporozoitemotility,14,40 which will bemore physiologically relevant than 2D

assays and less cumbersome than in vivo studies. We note that the stiffness measurement based on indentation by beads can only survey the
6 iScience 27, 110463, August 16, 2024
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stiffness of the sample in a relatively coarse manner. The heterogeneity in elastic moduli across the collagen hydrogel could not be mapped

using this method. Our rationale to choose this method of bulk measurement was based on the fact that migrating sporozoites were not

confined in specific local regions. Rather, their trajectories covered a vast volume of hydrogel. Therefore, measuring the bulk stiffness was

appropriate, providing information regarding the trend of how sporozoites migrate in hydrogels of various collagen densities. Although there

is heterogeneity within the same collagen hydrogel, it is widely agreed that hydrogels consisting of higher density of collagen are stiffer than

those of lower density. Moreover, the values of the bulk stiffness measured here agree with atomic force microscopy (AFM) measurement

results reported previously.41 Importantly, the stiffness of the collagen hydrogels used in our study matched the stiffness of the dermis in

the human skin.42 Our observations are thus physiologically relevant.

It should be noted that ookinetes and sporozoites of the same species have opposite handedness.28 Furthermore, ookinetes also move at

a much slower speed (0.1 mm/s)28 compared to the sporozoites (3 mm/s).8 One possible reason might be that ookinetes and sporozoites are

different morphologies, which are known as an important parameter contributing to migration speed and orientation.43

Conclusions

In summary, we demonstrated that collagen I hydrogel is a suitable in vitro 3D model to study sporozoite motility. The 3D imaging and

tracking technique employed in the study allowed us to gain new knowledge about sporozoite gliding motility. We found that sporozoites

moved in right-handed helices, and in hydrogels of higher concentrations, sporozoites disseminated faster despite lower speed, due to

straighter trajectories. Three-dimensional in vitromodels are an important tool to investigate sporozoite motility, and a deeper understand-

ing of how they migrate in the dermis is a crucial step in the development of malaria vaccines and drugs targeting the skin stage.

Limitations of the study

We acknowledge that sporozoites could have more motility modes in 3D environments than those described in the current study. For

example, while frequent rotations, as in a helical trajectory, are characteristic of sporozoite motility in the skin, sometimes they can also

move in a very linear manner without a change of direction.44 A deeper, mechanistic understanding is required to explain why and how

they transition between different motility modes. While studies have shown the crucial involvement of thrombospondin-related anonymous

protein (TRAP) family adhesins45–47 and actomyosin motors,48,49 there is yet to be a holistic model to integrate these factors governing sporo-

zoite motility. With this model, we can investigate how sporozoites move when they lack or express low levels of sporozoite surface proteins

like TRAP. Another application of the simplified model described here will be in the evaluation of antibodies targeting sporozoites. Sporo-

zoites, when deposited in the skin bymosquitoes, must move swiftly and find the blood vessels in order to infect hepatocytes. Antibodies that

target sporozoite motility have been shown to effectively prevent liver stage infection.13,15 A simplified model recapitulating skin physiology

will be critical for screening potential vaccines and/or monoclonal antibodies targeted to inhibit sporozoite motility.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Genipin Sigma-Aldrich, Sundararaghavan et al.50 Cat# 6902-77-8

collagen I rat tail Corning, Yang et al.30 Cat# 354236

Hexamethyldisilazane Fisher Scientific Cat# AAA15139AC

glutaraldehyde Millipore Sigma Cat# G7776

Experimental models: organisms/strains

P. berghei mCherry-UIS4 Hopp et al.,10 JHMRI Parasite core https://publichealth.jhu.edu/malaria-research-

institute/research/core-facilities/

parasitology-core-facility

Swiss Webster mice Taconic RRID: IMSR_TAC:SW

A. stephensi mosquitoes JHMRI insectary core https://publichealth.jhu.edu/malaria-research-

institute/research/core-facilities/insectary-core-facility

Software and algorithms

Imaris Imaris https://imaris.oxinst.com/

MATLAB (R2023a) Mathworks https://matlab.mathworks.com/

CT-FIRE V2.0 Beta Laboratory for Optical and

Computational Instrumentation,

Bredfeldt et al.,31 Stein et al.53

https://loci.wisc.edu/ctfire/

ImageJ NIH https://imagej.net/ij/

Other

Beads: Borosilicate Winsted Precision Ball Cat# 3200940F1ZZ00A0

Beads: polystyrene Cospheric Cat# DMB-RWHT-1.38

Beads: Fluorescent nanobeads Invitrogen Cat# F10720
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yun Chen

(yun.chen@jhu.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All relevant data is available in the main text and supplemental information. Any additional information can be provided upon reason-

able request to the authors.

� This paper does not report the original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Swiss Webster mice were purchased from Taconic (Germantown, NY). All animal studies were conducted under a protocol (MO20H05)

approved by the Johns Hopkins Animal Care and Use Committee. Experimental animals were housed in cages shared by three mice.

6-8 week-old female mice were randomly assigned to experimental groups.
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Parasites

The parasites used in this study were P. berghei mCherry-UIS4, which was generated as previously described by Hopp and colleagues.10

Mosquito

The mosquitoes used in this study were A. stephensi mosquitoes to feed on infected mice. Infected mosquitoes were maintained for up to

25 days at 18�C with 80% humidity and provided a 10% (w/v) sucrose solution.

METHOD DETAILS

Preparation of collagen I hydrogels

Similar to a previously described protocol,30 collagen I hydrogels were prepared using �9.5 mg/mL high concentration collagen I rat tail

stock solution (Corning). Appropriate amounts of the stock solution were mixed with HPLC water and 10% (v/v of the final solution) 10x PBS

to reach the desired concentrations of 3, 4.5, and 6 mg/mL 0.5M NaOH was added dropwise until the pH reached 7.4. All the solutions

were kept on ice to prevent gelation during mixing. 80mL of the hydrogel solution was added to each well of an 18-well chambered cover

glass (Cellvis), and adjacent wells were filled with PBS to prevent the solution from drying out. The collagen solution was then transferred

immediately into a 37�C incubator, and hydrogels were formed after 3-h incubation. To further crosslink the collagen hydrogel, we fol-

lowed the protocol developed by Sundararaghavan et al.50 Briefly, 150 mL 1mM genipin (Sigma-Aldrich) in PBS was added on top of

the hydrogel and incubated at 37�C for 12 h. Afterward, the genipin solution was removed, and the hydrogel was washed with PBS three

times before being stored at room temperature.

Plasmodium berghei mCherry sporozoites

Mosquito infection with P. bergheimCherry-UIS4 was performed as previously described.10 Swiss Webster mice (Taconic, Germantown, NY)

were infected with P. bergheimCherry-UIS4 parasites, and once abundant gametocyte-stage parasites were observed, A. stephensimosqui-

toes (3–7 days after emergence) were allowed to feed on infected mice. Infected mosquitoes were maintained for up to 25 days at 18�C with

80% humidity and were provided with a 10% (w/v) sucrose solution.

Sporozoite motility assay preparation

To extract live sporozoites, the mosquitoes were dissected 23–24 days after infection, and the obtained salivary glands were homog-

enized in RPMI 1640 (Corning Cellgro) supplemented with 10% fetal bovine serum (FBS, Corning Cellgro), 100U/mL penicillin and

100U/mL streptomycin (Corning Cellgro). The homogenized solution was kept on ice and used within 1 h. As bovine serum albumin

(BSA) was found to be an essential supplement for sporozoite motility,51 an equal volume of 2% BSA (Sigma-Aldrich) and the homog-

enized solution were mixed and incubated at 37�C for 5.5 min to activate the sporozoites. For 2D motility assays, the solution was added

onto a collagen I-coated 384-well microplate (Greiner Bio) and spun down at 200G for 5min. For 3D motility assays, the solution

(2000 spz/ul) was injected into previously prepared hydrogels using a 1mL syringe and 26G needle (BD). Sporozoites were imaged

within 1.5 h after activation.

Confocal imaging

A confocal microscope with both fluorescence and reflectance modes (Leica TCS SP8) was used to acquire time-lapse z stack images of spo-

rozoites moving in hydrogels. A 40x/1.1 NA water-immersion objective was used. Imaging was performed at 30�C to maintain the activity of

sporozoites. The red fluorescence emitted by mCherry was detected to record the trajectories of sporozoites. z stack images were acquired

over time with the sporozoites of interest centered in the field of view. To reconcile the tradeoff between image quality and sampling rate,

each frame contained 10–12 stacks at 5mm intervals, and the resolution for each stack was 1283 128 pixels, with the pixel size of 1.14 mm/pixel.

The resulting acquisition rate was�0.5Hz per frame. The 3Dmovies were acquired until either the sporozoitemoved out of the field of view, or

a maximum of 200 frames was reached. Then, the IRM images (1024 3 1024 pixels) were acquired at the same location to survey the fine

collagen fiber organization in the presence of and visualize collagen fibers.

Calculation of sporozoite stop frequency

Calculation of the stop frequency of sporozoites was based on the assumption that sporozoites making stops during glidingmotility follows a

Poisson distribution. Then the frequency can be calculated as:

f =
Nstop

Ttotal � Tstop

whereNstop is the total number of stops observed in all the acquired sporozoite tracks in one set of experiments, Ttotal is the sumof all the track

durations, and Tstop is the sum of the durations of all the stops. Stops are defined as a period of time during which the sporozoite has a speed

lower than 0.15 mm/s. At least three independent repeat experiments were performed on each condition. Then, the final average and stan-

dard deviation were calculated, weighted by the number of tracks in each repeat experiment.
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Sporozoite tracking

The trajectories of sporozoites were extracted using the Imaris software. First, the image files acquired from the confocal microscope were

converted using the Imaris File Converter. Within Imaris, sporozoites were identified using the Surface model. The threshold was manually

adjusted if necessary to filter out background noise while recognizing the entirety of the sporozoite. Then tracking was done with the autor-

egressivemotion algorithm. The created track was then visually inspected, andmanual edits weremade in the following cases: (1) if the sporo-

zoite touched the boundary of the field of view, most often at the end of the video, those few frames were deleted; (2) if sporozoites were

incorrectly identified in a few frames, such as two sporozoites recognized as one when they moved close to each other, the tracks were manu-

ally corrected frame by frame. After editing, the following statistics for each track were output for further analysis: position, displacement,

speed, time, and track straightness.
Parameterization of sporozoite helical trajectory

In addition to the metrics directly acquired from Imaris, the following were calculated, which were specific to the helical nature of the sporo-

zoite trajectories: chirality, radius, pitch, and period. The calculation was done in MATLAB.

The chirality of sporozoites was quantified by calculating the percentage of the time they migrate in right-handed helices. This is done by

averaging the local chirality for all the time points in one track. Local chirality is a binary number, 0 or 1, and was calculated based on the

instantaneous speed of three adjacent time points, i.e., V(t), V(t+1), V(t+2). If the angle between V(t+2) and the cross product of V(t) and

V(t+1), : (V(t) 3 V(t+1), V(t+2)), is smaller than p/2, then the helix is right-handed, and number 1 is assigned. If it is larger than p/2, then

the helix is left-handed, and number 0 is assigned. After calculating the local chirality for all the time points in a track, i.e., t = 0, 1, 2, .,

T-2, an average was taken, and the result, ranging between 0 and 1, represents the % right-handed helix in the track.

The period is defined as the time it takes for the sporozoite to complete one helical loop. Assuming t0 is the starting timepoint, then the

period is T at the first local minimum of : (V(t0), V(t0+T)). Then t0+T is used as the next starting timepoint to iteratively calculate the next

period. An example is shown in Figure S6.

Pitch is defined as the forward displacement of the sporozoite after one helical loop. It was calculated as the distance between the loca-

tions before and after one period, kL(t0+T) - L(t0)k.
The radius of the helix was calculated as the maximal distance away from the starting point when projected along the forward movement

direction of the helix. In each track, a radius was calculated for each completed helical loop, and an average of all the radii was calculated for

the track.
SEM imaging and analysis

Before SEM imaging, prepared collagen I hydrogels were subjected to fixation and serial dehydration. Hydrogels were first fixed with 2.5%

glutaraldehyde (Millipore Sigma) for 12 h. Then, they were washed three times with PBS and twice with HPLC water, for 5 min per wash. After

washing, hydrogels were dehydrated using a series of water and ethanol mixtures with ascending concentrations of ethanol (30%, 50%, 70%,

90%, 100%), for 10 min each. Then, they were dehydrated using a series of ethanol and hexamethyldisilazane (HMDS, Fisher Scientific) mix-

tures with ascending concentrations for HMDS (30%, 50%, 70%, 90%, 100%), for 15min each. Next, each hydrogel was transferred onto an SEM

sample stub and kept at room temperature for an additional 2 h for further drying. Then, the hydrogels mounted onto stubs were sputter

coated with Au/Pd to a thickness of 5nm using a Leica EM ACE600 high vacuum sputter coater.

After sample preparation, the hydrogels were imaged at 20kV and 27.7kx magnification using a Tescan Mira3 Scanning Electron Micro-

scope. The images obtained had a view field of 10mm. 20 images were obtained on each sample, and the measurement was repeated on

three independent samples.

Finally, fiber diameter analysis was done on the SEM images using CT-FIRE V2.0 Beta. This software uses discrete curvelet transform to

denoise the image and enhance fiber edge features and uses a fiber extraction (FIRE) algorithm to extract individual fibers and calculate fiber

diameter.31,53
Hydrogel stiffness measurement

The stiffness of collagen hydrogels was measured using a microbead indentation method.34 Borosilicate (Winsted Precision Ball,

3200940F1ZZ00A0) or polystyrene (Cospheric, DMB-RWHT-1.38) beads were placed on top of previously prepared collagen I hydrogels

and allowed at least 15 min to deform the collagen hydrogel before measurements were taken. The microbeads and collagen hydrogel

were completely immersed in PBS throughout the measurement. Fluorescent nanobeads (Invitrogen, F10720) were mixed with collagen so-

lution at 1:20000 concentration as fiducial markers to visualize the indentation. Previous studies have shown the addition of fluorescent nano-

beads at low concentrations does not significantly alter the hydrogel stiffness.54 Collagen hydrogels were imaged on a confocal microscope

(Leica SP8). Stiffness values were calculated with custom codes in MATLAB (Mathworks, R2023a).

To obtain the elastic modulus, the force applied to the collagen was calculated. rball is the borosilicate or polystyrene density, rPBS is the

density of the PBS solution, and r is the ball radius:

F =
4

3
pr3ðrball � rPBSÞ
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Indentation depth d and hydrogel thickness h were then measured from images of indented collagen hydrogel. Briefly, the xz-slice where

the microbead was at its lowest position in the whole stack was used for measurement. This slice represents the center of the bead. Three

horizontal lines were drawn at the top of the hydrogel, the bottom of the microbead (tangential to the microbead), and the bottom of the

dish. Indentation depth d was the distance from the top of the hydrogel to the bottom of the microbead, and hydrogel thickness h was

the distance from the top of the hydrogel to the bottom of the dish. Image processing was performed in ImageJ (NIH, 1.53t). Poisson’s ratio

n was assumed to be 0.5 for collagen hydrogel. Correction terms a;b;c;C were then calculated as previously described33:

a = � 1:2876 � 1:4678n+1:3442n2

1 � n
b =
0:6387 � 1:0277n+1:5164n2

1 � n
c =

ffiffiffiffiffi
rd

p

h

C = 1 � 2a
c

p
+ 4a2c

2

p2
�

�
8a3 +

32

15
p2b

�
c3

p3
+

�
16a4 +

48

5
p2b

�
c4

p4

Finally, the elastic modulus E was estimated by:

E =
3ð1 � n2ÞF
4C

ffiffiffiffiffiffiffi
rd3

p

QUANTIFICATION AND STATISTICAL ANALYSIS

For the analysis of sporozoite track speed, straightness, pitch, radius, and period, statistical significance was determined using a two-sample

t-test. Statistical significance was set at p < 0.05. The data were expressed in the figures as mean G deviation.
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