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Simple Summary: There is a dearth of in vitro tissue culture tools to study the complex biology of
the skin bite site created by blood-feeding arthropods such as mosquitoes. To address this shortage,
we engineered model human dermal microvascular bed tissue that included blood using capillary
alginate gel (Capgel) biomaterial scaffolds and human cells. In a set of proof-of-concept experiments
presented here, female Aedes aegypti bit into, probed, and blood-fed from these engineered dermal
microvessel beds, similarly to how these mosquitoes would acquire blood meals from human hosts.
Further, these tissue constructs remained intact and could be cleanly cultured for days after such
blood meal acquisitions. Overall, the present study demonstrates this innovative new platform—
termed a Biologic Interfacial Tissue-Engineered System (BITES)—with mosquitoes and signals its
potential to break new ground in arthropod bite-site biology investigations.

Abstract: Vector-borne diseases transmitted through the bites of hematophagous arthropods, such as
mosquitoes, continue to be a significant threat to human health globally. Transmission of disease by
biting arthropod vectors includes interactions between (1) saliva expectorated by a vector during
blood meal acquisition from a human host, (2) the transmitted vector-borne pathogens, and (3) host
cells present at the skin bite site. Currently, the investigation of bite-site biology is challenged by
the lack of model 3D human skin tissues for in vitro analyses. To help fill this gap, we have used
a tissue engineering approach to develop new stylized human dermal microvascular bed tissue
approximates—complete with warm blood—built with 3D capillary alginate gel (Capgel) biomaterial
scaffolds. These engineered tissues, termed a Biologic Interfacial Tissue-Engineered System (BITES),
were cellularized with either human dermal fibroblasts (HDFs) or human umbilical vein endothelial
cells (HUVECs). Both cell types formed tubular microvessel-like tissue structures of oriented cells
(82% and 54% for HDFs and HUVECS, respectively) lining the unique Capgel parallel capillary
microstructures. Female Aedes (Ae.) aegypti mosquitoes, a prototypic hematophagous biting vector
arthropod, swarmed, bit, and probed blood-loaded HDF BITES microvessel bed tissues that were
warmed (34-37 °C), acquiring blood meals in 151 & 46 s on average, with some ingesting =>4 uL or
more of blood. Further, these tissue-engineered constructs could be cultured for at least three (3) days
following blood meal acquisitions. Altogether, these studies serve as a powerful proof-of-concept
demonstration of the innovative BITES platform and indicate its potential for the future investigation
of arthropod bite-site cellular and molecular biology.
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1. Introduction

Vector-borne diseases caused by pathogens such as parasites, bacteria, and viruses
are responsible for more than 700,000 deaths annually [1]. Worldwide, major outbreaks
of malaria, dengue virus (DENV), and Zika virus (ZIKV) transmitted by mosquitoes have
caused overwhelming healthcare burdens. There are also more than 60 million cases of
lymphatic filariasis caused by filarial parasites transmitted via mosquitoes [2—4]. These
hematophagous (blood-feeding) arthropod vectors acquire the pathogens that cause these
diseases during the ingestion of blood meals from infected vertebrate hosts. While probing
for a blood vessel, a mosquito penetrates the stylet mouthparts of its proboscis through the
vertebrate epidermis into the dermis and expectorates saliva along with the pathogen into
the host skin [5,6]. For the continuation of the pathogen transmission cycle from vertebrate
to mosquito, the pathogen must be abundant enough throughout the vertebrate body to
be taken up again in the next mosquito bite [7]. In the orchestration of initial pathogen
transmission, replication at the bite site and the early host immune responses are critical
events prior to dissemination throughout the host [8,9]. Therefore, these early events are
important for disease outcomes and strongly correlate with the peripheral pathogen burden
and mortality [9].

In vitro tools such as artificial blood-feeding systems [10-15], cell cultures [16-19], and
skin tissue explants [20,21] offer cost-effective means of maintaining closed-loop laboratory
mosquito colonies, enable reductionist and/or high-throughput experimental approaches
and have fewer ethical considerations and limitations compared to using live animals and
human volunteers. However, none of these approaches allow the comprehensive analysis
of mosquito biting/feeding and the molecular and cellular events that occur in the skin.

Artificial blood-feeding systems for maintaining mosquito colonies can be as straight-
forward as a warmed, blood-filled collagenous (bovine) sausage casing [11,12]. More
sophisticated glass feeders, first designed by Rutledge et al. [13], that use Parafilm or animal-
derived membranes (e.g., collagenous bovine casing, thinned chicken skin) stretched over
a reservoir of blood warmed by a circulating water jacket are also frequently used [12,14].
Sri-in et al. developed a method using Parafilm™-M membrane packets filled with warm
blood for mosquito feeding and oral infection [15]. Using 3D printing, an acellular hydrogel-
based “skin” with warmed blood circulating through vessel-like structures was recently
developed for automated mosquito feeding and the study of repellents [22]. As all the
above systems are acellular/lack living cells, they do not offer the potential for investigating
cellular biology at the bite site.

Two-dimensional (i.e., flat) cell culture models have been informative as to the impacts
of mosquito salivary proteins on human skin cells and have provided insights about
arboviral infection in these cells [23]. Mosquitoes, however, cannot bite and blood-feed
on 2D cell cultures and thus the important interplay between the vector mouthparts,
expectorated saliva, transmitted pathogens (if any), and host cells (resident and migratory)
at the skin bite site cannot be appreciated. Human ex vivo skin explants preserve the
cellular and structural anatomy of the skin and have been used to examine dengue and
Zika virus infections [20,21]. However, the supply and maintenance of these explants in
culture are limited and mosquito bite /blood-feeding on the tissue has not been examined.
Some of these shortcomings have been addressed through engineered full-thickness skin
equivalents (FTSE) composed of collagen type 1 scaffolds with human keratinocytes and
fibroblasts, but this model is avascular and does not include blood [24].

Together, all of the aforementioned gaps illustrate the need for in vitro-engineered
3D tissue platforms that mimic the skin/dermis with human cells and micro blood vessel
structures into and from which arthropods—such as mosquitoes—can bite, probe, and
blood-feed. Such tools would be powerful enablers of mosquito bite-site cellular and
molecular biology investigations. Uniquely, to fill this need, we previously developed a
versatile family of 3D self-assembled capillary alginate gel (Capgel) biomaterial scaffolds
and studied these in a range of tissue engineering settings [25-31]. Then, in this proof-of-
concept study, we have developed a Biologic Interfacial Tissue-Engineered System (BITES)
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that uses human cell-lined Capgel with blood loaded into the cellularized capillary lumens.
This new in vitro platform was designed specifically to facilitate biological investigations
of mosquito skin bite sites, and we demonstrated that female Aedes (Ae.) aegypti mosquitoes
can bite, probe, and blood-feed naturally from BITES.

2. Materials and Methods
2.1. Mosquito Rearing

Ae. aegypti mosquitoes were reared as reported previously [32]. Briefly, 8 mg of eggs
were brushed off germination paper and were added into a glass vial with 7.5 mL of larval
food composed of 3% (g/mL) liver powder (MP Biologics, Santa Ana, CA, USA) and 2%
(g/mL) brewer’s yeast (#1700, Insectrearing.com, Newark, DE, USA) in deionized (DI)
water. Mosquito eggs and larval food were vigorously shaken and decanted into a tray of
3 L of DI water and incubated at 29-30 °C; this was considered day 0. On day 3, 7.5 mL
of larval food was added to the larval rearing tray, followed by 10 mL on day 4 and day
5. On day 6, pouring/rinsing was performed over a 500 pm strainer and the larvae and
pupae were transferred to a 50 cm? surface area cup with 200 mL of DI water. The cup was
kept in a rearing cage (8 x 8” Bioquip, Rancho Dominguez, CA, USA). Within 24 h after
the rinse, the majority of the mosquitoes had emerged inside the cage. Finally, a cotton ball
saturated with 10% sucrose (ThermoFisher, Waltham, MA, USA) was provided ad libitum
as a food supply for the mature mosquitos by placing it on top of the rearing cage. On the
day before experimentation, the sucrose cotton ball was removed and a cotton ball laden
with DI water was provided ad libitum overnight.

2.2. Capgel Scaffold Synthesis and Processing

The synthesis of Capgel blocks was conducted as previously described [26]. Briefly,
10% bloom gelatin (G1890, Sigma-Aldrich, Saint Louis, MO, USA) was dissolved in distilled,
deionized (ddH,O) water and degraded with sodium hydroxide (NaOH) at 80 °C for 72 h.
An oligomeric 10% gelatin solution was equilibrated to ~23 °C for 2 h and mixed with a
sodium alginate solution (Protanal Pharm Grade LF10/60, FMC Biopolymer, Philadelphia,
PA, USA, supplied by IMCD US, LLC, Rochelle Park, NJ, USA) to create a 3% alginate, 2.6%
gelatin solution. A 10 cm glass petri dish was prepared by coating its surfaces with 4%
alginate dehydrated at 80 °C. The parent solution was then added to the alginate-coated
dish and placed into a larger glass container. A copper (II) sulfate pentahydrate (CuSO4
5H,0, Acros Organics, Flanders, Belgium) soaked Kimwipe was held taut by a plastic ring
over the top of the petri dish, and an additional 0.1 M CuSO4 was then added dropwise
to the surface of the Kimwipe for 10 min. The Kimwipe was then removed and the entire
petri dish was submerged in 0.1 M CuSOy for approximately 72 h. After the parent gel
had grown, it was cut into strips and rinsed extensively over the following three days. The
strips were then sectioned into ~5 x 5 x 3 mm blocks.

Capgel blocks were crosslinked via carbodiimide chemistry as previously described [26].
Briefly, four ~5 x 5 x 3 mm Capgel blocks were added in a 50 mL conical tube, which
was then filled with 20 mL of PBS containing 1.89 mg/mL of N-hydroxysuccinimide (Ther-
moFisher, Waltham, MA, USA). The conical tube was shaken gently overnight at 4 °C. Then,
20 mL of PBS containing 1.57 mg/mL N-(3-Dimethyl-aminopropyl)-N'-ethylcarbodiimide
hydrochloride (Sigma-Aldrich, Saint Louis, MO, USA) was added to the conical tube, yield-
ing a final reaction volume of 40 mL, which was gently shaken overnight at 4 °C. After
completion of the crosslinking reaction, Capgel blocks were washed extensively for three
to four days, with 0.2 um filtered (564-0020, Nalgene, Rochester, NY, USA), sterile saline
solution (0.9% NaCl, S271-3, ThermoFisher, Waltham, MA, USA). The rinses were repeated
with filter-sterilized 10x sodium citrate solution (BP1325-4, ThermoFisher, Waltham, MA,
USA), followed by another three rinses in sterile saline. Capgel blocks were then autoclaved
using a liquid cycle and sterilization hold of 15 min. Sterilized Capgel blocks were then
stored at 4 °C in sealed glass bottles.
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2.3. Capgel Scaffold Cellularization

Capgel blocks were transferred to a 6-well plate (CytoOne, Ocala, FL, USA) with
a sterile spatula (Corning Inc., Corning, NY, USA), in groups of four per well. To cul-
ture human dermal fibroblasts (HDF, CRL-2522, ATCC, Manassas, VA, USA), 5 mL of
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, ThermoFisher, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco, ThermoFisher, Waltham, MA,
USA) and 1% penicillin-streptomycin (Gibco, ThermoFisher, Waltham, MA, USA) was used
to submerge and culture HDF-Capgel blocks. To culture human umbilical vein endothelial
cells (HUVECs, C0035C, Gibco, ThermoFisher, Waltham, MA, USA), 5 mL of Human Large
Vessel Endothelial Cell Basal Medium 200 (Gibco, ThermoFisher, Waltham, MA, USA)
supplemented with Large Vessel Endothelial Supplement (LVES, Gibco, ThermoFisher,
Waltham, MA, USA) and 1% penicillin—streptomycin was used to submerge and culture
HUVEC—Capgel blocks. The plate was then placed into a 37 °C, 5% CO, incubator (Ther-
moFisher Scientific Forma Series II Model 3110, Waltham, MA, USA) overnight. HDF and
HUVEC cell lines were cultured in T-175 Cell Culture Flasks (Corning Inc., Corning, NY,
USA) containing 25 mL of respective cell culture media. At 80% confluency, cells were incu-
bated with 10 mL of 0.05% trypsin (Gibco, ThermoFisher, Waltham, MA, USA) for 5 min
and spun down at 1905 relative centrifugal force (RCF) for 3 min (Thermo IEC Centra GP8R,
216 4-place swinging bucket rotor, ThermoFisher, Waltham, MA, USA) in a centrifuge.
After centrifugation, the supernatant was removed, and the concentration of the resulting
cell pellet was calculated using a phase counting chamber (Hausser Scientific, Horsham,
PA, USA) and diluted to 40,000 live cells/uL. The media was then removed from the 6-well
plate containing the Capgel blocks and a sterile gauze pad (4 x 4, 12-ply, ThermoFisher,
Waltham, MA, USA) was used to remove excess media from the surface of the Capgel. One
microliter of the cell pellet was then applied using a pipette tip to dispense and spread
the cell suspension across the capillary openings of the Capgel. Capgels were placed with
capillaries in the vertical direction in microcentrifuge tubes and briefly centrifuged. The
cell-seeded Capgels were then placed into the incubator for 30 min to allow cell attachment.
This process of seeding and incubating was repeated two more times so that a total of 3 pL
of the cell pellets was seeded per Capgel block (120,000 cells/Capgel). Then, the Capgels
were incubated for an additional 2 h to allow cell attachment, before adding 5 mL of media
to each well, submerging the blocks. The cells were then cultured within the Capgel blocks
for 4 weeks, undergoing a media change every two to three days.

2.4. Videography

In a rearing cage with one optically clear side (8 x 8” Bioquip, Rancho Dominguez, CA,
USA), 20-50 Ae. aegypti female mosquitoes were sorted and sucrose-starved for ~18 h. The
cage was placed under filming lights for 45 min so that the mosquitoes became acclimated
to the lights and the room temperature before feeding (Figure S1A). A camera (Olympus
Tough camera with an Ultimax 40.5 mm macro lens) was set in front of the clear side of the
cage to record the blood-feeding events. A water bath (Isotemp 4100 H5P, ThermoFisher,
Waltham, MA, USA) circulated warm water through an aluminum heat sink to regulate the
temperature of the blood-loaded Capgel /BITES at 37 °C. The Capgel/BITES was placed on
the heat sink immediately after blood loading in raftview orientation. Bare surfaces of the
warm heat sink were covered with a thin piece of polystyrene foam insulation to localize
heated areas to the Capgel/BITES and avoid diverting the mosquitos (Figure S1B).

2.5. Blood Meal Acquisition Experiments

After the mosquitoes were acclimatized to the videography setup, a Capgel block
stored in saline solution at 4 °C or an HDF-cellularized Capgel block submerged in media
at 37 °C was retrieved using a sterile spatula. The Capgel block was wiped on all sides
with a sterile gauze pad for 30 s to remove excess saline/media and was placed in a petri
dish. Using an inverted microscope (20x), the Capgel was placed on the petri dish with
capillaries oriented in the vertical direction, and 10 uL of warm (37 °C) defibrinated bovine
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blood (HemoStat Laboratories, Inc., Dixon, CA, USA; the product was stored for less than
two (2) weeks at 4 °C and used as received without modification) was slowly added on top
of the capillaries, without dripping blood onto the external surfaces of the block. Blood
was allowed to flow through the capillaries until erythrocytes were seen emerging from
the other side of the Capgel using an inverted microscope. Next, with the sterile spatula,
the Capgel was flipped 180° and 10 uL of blood was added on the opposite capillary ends.
This process was repeated once more to achieve a final loaded blood volume of 40 pL in
the Capgel /BITES. With blood loaded in the capillaries, the Capgel/BITES was transferred
with sterile plastic forceps onto a sterile gauze pad with its capillaries horizontally disposed
and carefully wiped with gauze on sides without capillary openings.

The HDF-cellularized BITES was presented as described above at different time in-
tervals (4, 15, and 20 min) while recording the percentage of mosquitoes (n = 50) probing,
biting, and/or blood-feeding every minute. To assess the blood meal duration and quantity
of blood acquired, video recordings of mosquitoes (1 = 50) acquiring blood from BITES were
analyzed to assess changes in the abdomen width across time. Frames from the video were
analyzed in Image]J v1.53 (National Institute of Health, Bethesda, MD, USA) to calculate
initial, intermediate, and final abdomen lengths by measuring the pleural membrane from
tergum to sternum at the fourth abdominal segment. Measurements were scaled relative
to the diameter of the head (0.67 mm). An abdomen width ratio was determined by the
following equation:

Abdomen Width Ratio = Wy/W; 1)

where W; is the abdomen width (mm) at a given time (s) during blood-feeding and W;
is the abdomen width initially (i.e., prior to any ingestion/blood-feeding). To calculate
the total volume of blood ingested, the volume of the abdomen was approximated as an
ellipsoid, and mosquito abdominal dimensions were measured in Image]. The following
equation was used to find the volume:

Ellipsoid Volume = (4/3)rtabc 2)

where 7 is half the abdomen length taken from the abdomen-thorax border to the distal tip
of the anus, b is half the abdomen width taken from tergum to sternum, and c is half the
back of the mosquito across the midline and perpendicular to the long axis of the abdomen.
The individual mosquito abdomen volume difference before and after blood feeding was
used to calculate the blood volume ingested:

AV =Vf— Vi @)

where V¢ and V; are the final and initial abdomen volumes, respectively, and AV is the
calculated blood volume ingested (1L). The volume of prediuretic excretion (i.e., urine)
was approximated to the volume of a sphere:

Sphere Volume = (4/3) 713 4)

where r is the radius of the prediuretic droplet measured using Image]. The calculated
volume was then multiplied by the number of prediuretic droplets observed to determine
the total volume excreted.

For experiments capturing in situ fascicle penetration in the BITES, the blood-feeding
protocol was followed as described above until a mosquito was seen to be engaged and
acquiring a blood meal. With a mosquito stably engaged with the BITES, liquid nitrogen
was poured over the mosquito-BITES to freeze the stylet mouthparts inside the scaffold.
The BITES with the mosquito with the inserted stylet was then carefully placed in a petri
dish and fixed immediately with 4% PFA, followed by permeabilization and staining
(Section 2.7). The sample was imaged (Section 2.8) immediately to prevent the stylet
mouthparts from exiting the BITES.
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For experiments involving post-blood-meal (PBM) culturing, the BITES was presented
to mosquitoes (1 = 50) as described. The protocol was modified by covering the BITES with
a thin, stretched layer of Parafilm™ during the entire time (20 min) that the BITES was
presented to mosquitoes. After the mosquito blood meal acquisition period, the BITES was
retrieved and incubated for either 0 min, 20 min, or 3 days in cell culture media containing
1% penicillin—streptomycin for post-blood-meal (PBM) imaging. After the incubation
period, the BITES was washed with PBS+ to then be fixed, permeabilized, and stained
(Sections 2.7 and 2.8).

2.6. Fixation, Staining, and Preparation of BITES Constructs

To acquire images before mosquito blood-feeding, the 4-week culture of cellularized
Capgel (BITES) was washed 3 x with phosphate-buffered saline (PBS+, with calcium and
magnesium, ThermoFisher, Waltham, MA, USA). Fixation was performed by incubating
the Capgel with 4% paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO, USA) for
30 min at room temperature. Next, the BITES was permeabilized with 0.2% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) for 15 min, followed by staining the nuclei and actin
proteins using NucBlue Live and ActinGreen 488 (ReadyProbe, Invitrogen; Carlsbad, CA,
USA), respectively, solvated in PBS+ for 2 h. After washing 3x and submerging in PBS+,
the BITES was kept at 4 °C until imaged.

2.7. Confocal Microscopy and Stereomicroscopy

Confocal fluorescence imaging was performed on the Capgel-BITES by transferring
them to a glass-bottom petri dish (FluorodishTM— Sigma-Aldrich, St. Louis, MO, USA)
with a plastic spatula. A Zeiss 710 laser scanning confocal microscope at 20x and 40x
magnification was used to acquire images with the Zen 2010 software (Zeiss; Jena, Ger-
many). The samples were excited with a 405 nm wavelength for NucBlue and 488 nm
for ActinGreen 488 and z-stacks were acquired in both channels. Differential interference
contrast (DIC) imaging was also performed to view cells in the context of the Capgel-BITES
capillary structure. The images were overlaid, and maximume-intensity z-projections, 3D
projections, and orthogonal views were processed using Image]. DIC movies/videos were
captured using confocal microscopy and processed with the Zen 2010 software. Images of
mosquito stylet mouthparts inside BITES were taken with a stereo microscope equipped
with a digital camera (MU1803, AmScope, Irvine, CA, USA).

2.8. Evaluating Nuclear Orientation in BITES Microvessels

To determine the orientation of HDF (1 = 12 images) and HUVEC (n = 6 images) nuclei
in capillaries, threshold application was performed on the NucBlue channel maximum
projections of z-stacked images taken at cellularized regions perpendicular to the capillaries.
These images were binarized in Image] and then processed using the “region props”
function in MATLAB (vR2021b, MathWorks, Natick, MA, USA). Major and minor axes of
the nuclei were used to approximate the elliptical blobs. When the major axes of nuclei were
parallel with respect to the image vertical axis by +-20°, nuclear orientation was considered
to be aligned with the capillaries. Nuclei with centroids above the image horizontal midline
were considered to have orientation values of —90° to 90°, and nuclei with centroids below
the midline were considered to have orientations from 90° to 270°.

2.9. Statistical Analysis

The median and mean of the number of mosquitoes attempting to feed on the BITES
were calculated in Origin 2021 (OriginLab Corporation, Northampton, MA, USA) by
analyzing the data in a box chart. Tukey’s outlier detection criterion was applied to
determine outliers in the data, using the interquartile range (IQR). Values were labeled as
outliers if found to be less than

minimum = Q1 — 1.5IQR (5)
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or if greater than
maximum = Q3 + 1.5IQR (6)

where Q1 is a value that is less than 75% of the points in the dataset, Q3 is a value that is
greater than 75% of the points in the dataset, and the difference in these values is used to
find

IOR=Q3 — QL. (7)

Using the Chi-squared (x?) test statistic with a 95% confidence interval and two (2) de-
grees of freedom, the Marascuillo procedure was used as detailed in the NIST e-Handbook
of Statistical Methods to determine the statistical significance of percent mosquito blood-
feeding at different BITES presentation times [33].

3. Results

The outcomes for a host bitten by an arthropod are significantly influenced by the
early events occurring at the bite site [9]. We therefore developed the BITES platform
using capillary alginate gel scaffolds, human cells, and blood (Figure 1) as a new tool to
investigate mosquito biting and blood-feeding.

A Human Dermal B C D
Fibroblast(s) HDFs HUVECSs HDFs HUVECs
(HDF) N Blood Added
> @
K ) @5
950°0%0 0 *233
o= @0 .
\ T 8’133 Cﬂ
Human Umbilical Vein
Endothelial Cell(s)
(HUVEC)

Capgel Scaffold HDF BITES
|

= NERE: - = » LA

’ = - 4

(] [ - I‘ o= ¥
Post-Blood Meal M HDF BITES Retrieval,

Present to Mosquitoes HDF BITES Culture Processing and Downstream Analyses

Figure 1. Schematic overview of the BITES platform. (A) Illustration of a sterile Capgel block
depicting the patent capillary microstructure. (B) Loading/charging of the Capgel with either human
dermal fibroblasts (HDFs) or human umbilical vein endothelial cells (HUVECS) into the capillaries
of the block. (C) Culture of the human cell-laden Capgel to cellularize the block. (D) Loading of
blood into the capillaries of the cellularized Capgel to create a BITES construct. (E) Presentation of
the BITES construct to female Aedes (Ae.) aegypti mosquitoes (prototypic arthropod) for natural biting,
probing, and blood-feeding. Inset: Zoomed-in depiction of a mosquito with the stylet inserted into
the BITES construct, engaging in natural biting / probing /blood-feeding. (F) Transfer of the BITES
construct from the mosquito cage into an incubator for (optional) post-biting/probing /blood-feeding
cell culture. (G) Retrieval of the BITES construct following post-biting /probing /blood-feeding cell
culture (if any) for processing and various downstream biological analyses.

The 3D microstructures of uniaxial capillaries running in parallel make Capgel an ideal
scaffold to template the growth of cultured human cells into hollow tubular microvessel-
like structures that can be filled with blood to form a BITES construct (Figure 1A-D). The
hydrogel nature of Capgel supports the gentle heating of the construct to a physiolog-
ical temperature range, i.e., 34-37 °C, and is posited to allow mosquitoes to naturally
bite/penetrate, probe for, and blood-feed from the stacked array of blood-filled BITES
microvessel structures (Figure 1E and inset). Further, the BITES constructs can then be
recovered following arthropod biting /probing/blood-feeding and transferred into media
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to incubate for additional time in cell culture if desired (Figure 1F). Ultimately, these BITES
constructs are to be retrieved, processed, and analyzed, which here included recovery,
fixation, staining, and imaging/microscopy (Figure 1G). Herein, BITES was tested against
Ae. aegypti female mosquitoes as a prototypic biting vector arthropod.

3.1. Blood Meal Acquisition by Ae. aegypti from Blood-Loaded, Non-Cellularized Capgel

To examine whether the Capgel biomaterials are robust 3D tissue scaffolds for BITES
constructs, the loading, distribution, and movement of blood within the Capgel blocks was
evaluated, as well as the ability of Ae. aeqypti females to bite into, probe, and blood-feed
from warmed, blood-loaded Capgel (Figure 2). The addition of defibrinated blood to
the open ends of Capgel capillaries (termed capview, Figure 2A) rapidly loaded blood
into these capillaries and allowed for the visualization of the blood, perpendicular to the
capillary long axis, termed raftview (Figure 2B). This blood was confined to and distributed
within the capillaries, did not appear to bind to the Capgel walls (specifically the red blood
cells—RBCs), and was able to freely move/flow within these microstructures (Video S1),
observations that match the expectations of microvessels. Further, when fluid was applied
to one end of the capillary, RBCs were observed flowing out of the opposite capillary ends
(Video S2).

o B

I 480 —e— Time into Meal (s) >
150 | —e— Abdomen Width Ratio (a.u.) Is g
2 3
§ 120 + 200L {4 S
= 1.8uL §
90 |28

o IS
k] >
< 60| 1,3
£ =3
= 30f o
4 1 ;

of £

o 2 4 & 8 10
Prediuretic Droplets

Figure 2. Female Ae. aegypti mosquitoes bite into, probe and blood-feed from Capgel loaded with
blood in a manner matching the natural taking of a blood meal from a vertebrate host. (A) Repre-
sentative differential interference contrast (DIC) micrograph of a blood-loaded Capgel showing the
end-on view of the capillary microstructure, termed capview; RBCs within the capillaries and those
that have flowed out are observable as multiple small, dark, circular/spherical particles throughout
the image. (B) Representative DIC micrograph of a blood-loaded Capgel (similar to that of (A)) with
the long-axis of the capillary in the plane of the image, which is termed raftview; RBCs are now
observable as multiple small, dark, circular/spherical particles confined exclusively within capillaries.
(C-H) Nonconsecutive, sequential set of image stills taken from video recordings (Videos S3 and S4)
capturing the same representative taking of a blood meal event by an Ae. aegypti female from a
warmed, blood-loaded Capgel block oriented in raftview: (C) biting and probing; (D) initiation
of blood ingestion; (E-H) feeding to repletion, including prediuretic droplet excretion. (I) Plot of
abdominal width ratio (Equation (1)) and the number of excreted prediuretic droplets over time of
the blood meal taken by a female Ae. aegypti mosquito from warmed, blood-loaded Capgel. White
asterisks label the warmed, blood-loaded Capgel; black asterisks label the polystyrene foam insulation
surrounding the Capgel block. White lines mark the abdominal width of the mosquito and green
circles enclose prediuretic droplet(s). The green number is the estimated total volume (including
prediuretic excretions) of blood ingested, calculated by approximating the abdomen initial and final
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volumes as ellipsoids (Equation (2)), taking the difference (Equation (3)), and adding the droplet
volumes approximated as spheres (Equation (4)); the red number is the estimated final volume of
blood in the midgut only. Scale bars = 50 pm for (A,B) and 1 mm for (C-H).

The taking of a blood meal by a re