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Abstract: Reliable models of renal failure in large animals are critical to the successful translation of
the next generation of renal replacement therapies (RRT) into humans. While models exist for the
induction of renal failure, none are optimized for the implantation of devices to the retroperitoneal
vasculature. We successfully piloted an embolization-to-implantation protocol enabling the first
implant of a silicon nanopore membrane hemodialyzer (SNMHD) in a swine renal failure model.
Renal arterial embolization is a non-invasive approach to near-total nephrectomy that preserves
retroperitoneal anatomy for device implants. Silicon nanopore membranes (SNM) are efficient blood-
compatible membranes that enable novel approaches to RRT. Yucatan minipigs underwent staged
bilateral renal arterial embolization to induce renal failure, managed by intermittent hemodialysis.
A small-scale arteriovenous SNMHD prototype was implanted into the retroperitoneum. Dialysate
catheters were tunneled externally for connection to a dialysate recirculation pump. SNMHD
clearance was determined by intermittent sampling of recirculating dialysate. Creatinine and urea
clearance through the SNMHD were 76–105 mL/min/m2 and 140–165 mL/min/m2, respectively,
without albumin leakage. Normalized creatinine and urea clearance measured in the SNMHD may
translate to a fully implantable clinical-scale device. This pilot study establishes a path toward
therapeutic testing of the clinical-scale SNMHD and other implantable RRT devices.

Keywords: end stage renal disease; acute kidney injury; chronic kidney disease; dialysis; hemodialysis;
artificial organs

Key Contribution: This article describes the first embolization-to-implantation protocol of an
anephric large animal model for testing of an implantable device for hemodialysis. This represents an
important pipeline step in pre-clinical testing of therapeutic-scale implantable renal replacement devices.

1. Introduction

End-stage renal disease (ESRD) is a global epidemic and affects more than
800,000 patients in the United States alone. Currently there is limited availability of organs
for kidney transplant, the gold-standard treatment for ESRD, with almost 100,000 patients
on the waiting list for a transplant but around 25,000 operations performed each year [1].
Therefore, the vast majority of patients must rely on dialysis for renal replacement therapy,
and nearly 90% undergo in-center hemodialysis (HD) as their primary dialytic modality [2].
Despite the ability of HD to successfully perform solute exchange and clear uremic toxins,
patients still suffer other effects of ESRD including cognitive disorders and anemia, as well
as a significant decrease in ability to maintain employment [3–6]. In addition, nocturnal
home HD is becoming more prevalent and is more physiologically optimal than standard
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in-center HD but comes with higher risks of technical complications [2,7]. The low rate
of kidney transplants and limitations of traditional hemodialysis reveal a clear need to
develop novel technologies for the next generation of replacement therapies, including
(bio)artificial kidneys and safer methods of home HD.

Several groups are developing portable or implantable artificial kidneys and hemodi-
alyzer technologies [8–17]. Notable early attempts at developing a bioartificial kidney
were pioneered by Aebischer and colleagues, who successfully cultured renal cell lines on
semipermeable hollow fiber membranes [17]. The group led by Humes next developed
the “Renal Assist Device” (RAD) wherein a standard hollow fiber hemofilter was placed
in series with a second hollow fiber membrane containing human renal cells. This device
was successfully tested in animal studies and a combined Phase I/II study in humans,
leading to a randomized Phase II trial against standard continuous RRT in critically ill
patients with renal failure. Use of the RAD resulted in an approximately 50% reduction
in mortality compared to standard CRRT, but further studies were abandoned due to
problems with manufacturing and study design [18]. More recently, a number of wearable
renal replacement systems have been developed, including the WEAKID and automated
wearable artificial kidney (AWAK) systems for peritoneal dialysis and the wearable artificial
kidney (WAK) system for hemodialysis [8,19,20]. These devices showcase innovation in
the miniaturization and portability of dialysis equipment through advances in dialysate
regeneration, novel dialysate compounds, and solute exchange methods. Unfortunately,
however, none of these devices have been approved for clinical use in humans outside of
a trial.

An important step in device translation to human studies is demonstrating robust
safety and efficacy data in a large animal model. To test the functional characteristics
of an implantable renal replacement therapy, there is a need for an animal model with
compromised renal function. An ideal model should replicate human renal physiology and
anatomy, induce stable renal failure while remaining compatible with standard hemodial-
ysis techniques, and preserve surgical anatomy for implantation of experimental RRT
devices. Animal models with some of these characteristics have been established in swine,
sheep, and goats [21–24]. Specifically in swine, several models have been developed to
induce acute and chronic renal failure via surgery, ischemia-reperfusion (IR) injury, sepsis,
nephrotoxic drugs, and combinations these modalities. Laparoscopic 5/6th nephrectomy
has been shown to be safe and more effective at rapidly inducing chronic renal failure
compared to 2/3rd or 3/4th nephrectomy [25]. IR injury models for induction of renal
failure are detailed in a variety of reports; however, the methods are heterogeneous. Open,
laparoscopic, and endovascular techniques with varying durations of either arterial or
arteriovenous occlusion, with or without contralateral nephrectomy, have been described,
leading to a wide severity and duration of renal dysfunction [26–28]. Moreover, there is
a very narrow window of duration of ischemic injury that leads to chronic renal injury; a
shorter time allows for renal recovery, and a longer time creates significant risk for animal
mortality [29]. Sepsis-induced renal injury, while effective at inducing renal injury, creates
multi-organ system dysfunction that would compromise downstream evaluation of novel
RRT [30]. Finally, drug-induced renal injury has been combined with surgical nephrec-
tomy to induce acute-on-chronic renal injury to study reno-protective drug therapies as
well at RRT [22,31,32]. Swine subtotal endovascular nephrectomy, originally described by
Misra and colleagues, effectively and reproducibly induces chronic renal failure and leaves
retroperitoneal anatomy intact for subsequent device implants [24]. To date, however, this
model has not been used to study implantable hemodialysis-based RRT.

A key aspect of novel RRT is engineering high-mass transport, selective permeability,
and biocompatible membranes to replace traditional hollow-fiber hemodialyzer filters.
Silicon nanopore membranes (SNM) are a new class of such membranes manufactured via
semiconductor fabrication methods, allowing for precise control of pore size. Our group has
utilized these techniques to manufacture membranes with 5–10 nm pores that enable diffu-
sive mass transfer of small molecules while serving as a physical immunobarrier to protect
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encapsulated cells from the host immune system [33–37]. Other silicon-based platforms
have been developed to achieve similar solute filtration characteristics [38,39]. These favor-
able mass transfer characteristics are coupled with surface modification chemistries to en-
hance the anti-protein fouling capabilities and reduce membrane thrombogenicity [40–42].
We have previously demonstrated proof-of-concept of implantable SNM hemofilters de-
signed to simulate glomerular filtration in both healthy dog and swine models [12,43].

In this article, we present a pilot embolization-to-implantation protocol that can serve
as a platform for testing the next generation of RRT devices. We developed a staged,
endovascular nephrectomy that leads to stable renal failure that can be managed with
HD and does not disturb the retroperitoneal structures critical for device implantation.
To demonstrate the utility of protocol for surgically implanted devices, we then show
proof-of-concept using a small-scale implantable SNM hemodialyzer (SNMHD) capable of
clearing uremic toxins without albumin loss.

2. Results
2.1. Staged Bilateral Renal Artery Embolization Induces a Stable Renal Failure State

Three Yucatan minipigs underwent staged bilateral subtotal renal artery embolization.
The approach of a two-stage complete right renal artery embolization followed by selective
embolization of the inferior renal pole of the left kidney led to a state of stable renal failure
managed by hemodialysis. Initial embolization of the main right renal artery with PVA
particles and microcoils leading to stasis of contrast flow into the kidney is shown in
Figure 1A. The animals recovered for 14 days, then underwent the second stage partial
left renal embolization, which induced uremia (Figure 2A). After the second embolization,
the baseline blood urea nitrogen (BUN) range of 9–19 mg/dL increased to a maximum of
49–68 mg/dL and baseline creatinine (Cr) range of 0.7–1.3 mg/dL increased to a maximum
of 5.2–10.0 mg/dL. All animals reached a steady-state of renal failure that was managed
with hemodialysis every 1–3 days using a Tablo dialysis system (Figure 2B–D). Aside from
uremia and mild anemia, the animals remained healthy and without mobility issues while
undergoing hemodialysis. Necropsy demonstrated atrophy and fibrosis of the entire right
kidney and inferior pole of the left kidney with reciprocal hypertrophy of the superior pole
of the left kidney (Figure 1B).
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Figure 2. (A) Staged bilateral renal artery embolization was performed on day 0 and day 14 with
hemodialysis initiation after the second embolization. (B–D) Uremia was managed in all three
animals with intermittent hemodialysis every 1–3 days for 11–24 days. Pre- and post-HD serum BUN
and Cr values are shown individually for each animal. The SNMHD was ultimately implanted in the
third animal at day 24 (D).

2.2. SNMHD Retroperitoneal Implantation and Patency

The SNMHD was implanted in one animal in the retroperitoneum, with vascular
connections to the right iliac artery and vein. Dialysis catheters were externalized via the
flank to allow circulation of normal saline used in place of dialysate solution into device
dialysate manifolds (Figure 3A). There were no immediate technical complications, and
the animal had no device- or procedure-related complications for the duration of the 7-day
study. The blood flow path in the device remained patent through post-procedure day
7 without system anticoagulation therapy. On explant, no macroscopic thrombus was
observed on the silicon membrane.

Toxins 2023, 15, x FOR PEER REVIEW 5 of 15 
 

 

 
Figure 3. (A) SNMHD implanted in the retroperitoneum of a pig. Blood flows in and out via 6 mm 
PTFE grafts anastomosed to the external iliac artery (red arrow) and vein (blue arrow), respectively. 
Dialysate flows out via polyurethane catheters (black arrows). (B) Pig undergoing recirculation di-
alysis via dialysis catheters tunneled out of the skin (purple arrow), connected to a circulation pump 
(white arrow). 

2.3. SNMHD Effectively Clears Potassium, Creatinine, BUN While Preventing Albumin Loss 
Recirculation dialysis with the SNMHD was performed for 2 h on post-implant days 

1, 5, and 7 prior to standard hemodialysis (Figure 3B). Serum electrolytes, albumin, BUN, 
and Cr values were measured at time 0, and recirculated dialysate was sampled for the 
same measurements at times 0, 60, and 120 min. Solute clearance normalized to membrane 
surface area for Cr was 76–105 mL/min/m2, for BUN was 140–165 mL/min/m2, and for 
potassium (K+) was 75–120 mL/min/m2 after 120 min of dialysis with the SNMHD (Figure 
4). No albumin was detected in the dialysate at any time point, demonstrating that the 
SNM barrier remained intact. 

 
Figure 4. SNMHD effectively clears potassium (K+), creatinine (Cr), and urea (BUN) on post-proce-
dure days 1, 5, and 7. No albumin was detected in the dialysate at any of the three timepoints. 
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Dialysate flows out via polyurethane catheters (black arrows). (B) Pig undergoing recirculation
dialysis via dialysis catheters tunneled out of the skin (purple arrow), connected to a circulation
pump (white arrow).
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2.3. SNMHD Effectively Clears Potassium, Creatinine, BUN While Preventing Albumin Loss

Recirculation dialysis with the SNMHD was performed for 2 h on post-implant days
1, 5, and 7 prior to standard hemodialysis (Figure 3B). Serum electrolytes, albumin, BUN,
and Cr values were measured at time 0, and recirculated dialysate was sampled for the
same measurements at times 0, 60, and 120 min. Solute clearance normalized to membrane
surface area for Cr was 76–105 mL/min/m2, for BUN was 140–165 mL/min/m2, and
for potassium (K+) was 75–120 mL/min/m2 after 120 min of dialysis with the SNMHD
(Figure 4). No albumin was detected in the dialysate at any time point, demonstrating that
the SNM barrier remained intact.
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Figure 4. SNMHD effectively clears potassium (K+), creatinine (Cr), and urea (BUN) on post-
procedure days 1, 5, and 7. No albumin was detected in the dialysate at any of the three timepoints.

3. Discussion

In this report, we demonstrate the successful pilot of an embolization-to-implantation
protocol enabling the first implant of a silicon nanopore membrane hemodialyzer in a swine
model of renal failure. Staged endovascular nephrectomy resulted in stable renal failure
managed with standard hemodialysis while preserving the critical anatomy for SNMHD
implantation. A small-scale SNMHD was successfully implanted, remained patent for
the entire 7-day study without systemic anticoagulation, and cleared uremic toxins and
solutes without leakage of albumin. Amongst large animal species for studying renal
failure and novel renal replacement therapies for translation to humans, swine offer several
attractive attributes. Porcine kidneys have a similar lobed, pyramidal architecture to human
kidneys, are relatively comparable in size, and have analogous vascular anatomy and phys-
iology [44–46]. Moreover, pigs have comparable values of serum electrolytes, BUN, and
creatinine to humans [47]. While the concept of endovascular nephrectomy for studying
renal failure in swine was initially reported nearly two decades ago, other methods of
inducing renal failure, including open or laparoscopic surgery and drug-induced kidney
injury, predominate [24,30]. Misra and colleagues found that single-stage bilateral endovas-
cular nephrectomy can produce mobility-limiting pain and an overwhelming inflammatory
response that is life-threatening for the animal [24]. Recently, a similar endovascular
nephrectomy protocol has been used to induce uremia in swine for the study of novel peri-
toneal dialysis therapies [22]. The same group has also developed an acute-on-chronic goat
model of kidney injury using a combination of endovascular nephrectomy and gentamicin-
induced kidney injury with animals surviving for 10 months; a procedure which may be
advantageous for studying chronic dialysis therapies [23]. In our protocol, we found that a
staged approach results in a state of renal failure manageable with initial daily hemodial-
ysis for one week, followed by hemodialysis every 2–3 days, and allows the animals to
stay healthy for at least one month (see Table 1 for detailed comparison of the surgical
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approaches). Importantly, this approach preserves the retroperitoneal anatomic planes and
vasculature, facilitating straightforward exposure of the iliac vasculature for anastomosis
of the SNMHD or other implantable, blood-based renal replacement technologies.

Table 1. Comparison of details of surgical techniques for swine renal artery embolization and device
implantation (current work, de Vries et al. [22], and Misra et al. [24]).

Current Work de Vries et al. Misra et al.

Animal
Female Yucatan minipig (age:
4–14 months, weight:
43–84 kg)

Female Yorkshire pig (age: 4
months, weight ~40 kg)

Male domestic pig (age:
7–8 months old, weight:
35 ± 1 kg)

Premedication

Antiplatelets: 3 days prior to
device implant: Aspirin 81 mg
daily, clopidogrel 75 mg daily
Antibiotics:
Trimethoprim/sulfamethoxazole
15 mg/kg daily starting day of
device implant and continued
for duration of study

Antibiotics:
Amoxicillin/clavulanic acid
10 mg/kg × 1 pre-operatively,
then twice daily after PD
catheter insertion

None described

Anesthesia and
Post-Operative Analgesia

Premedication: Telazol +
atropine
General anesthetic: Isoflurane
+/− ketamine
Intraoperative analgesia:
Butorphanol + buprenorphine
Postoperative analgesia:
Buprenorphine IM/IV +
NSAID per veterinary
discretion

Premedication: Ketamine +
atropine
General anesthetic: Propofol
Intraoperative analgesia:
Remifentanil
Postoperative analgesia:
Meloxicam ×1 day,
buphrenophine patch ×6 days

General anesthesia for
embolization and additional
procedures. Other details not
provided.

Embolization Procedure

Dual staged embolization:
Complete right renal artery
embolization with PVA
particles and microcoils;
14-day recovery; partial left
inferior pole renal artery
embolization

Single stage sub-total renal
artery embolization (one
kidney completely embolized,
other partially) with PVA
particles or microspheres

Single stage sub-total renal
artery embolization (one
kidney completely embolized,
the other partially) with PVA
particles and microcoils

Surgical Technique for Device
Implantation

Implantation of hemodialyzer
into left retroperitoneum with
vascular connections to iliac
vessels and dialysis catheters
tunneled externally

Insertion of peritoneal dialysis
catheter inserted via standard
subcutaneous tunneling
method

No device implant

Grade of Kidney Dysfunction
Peak creatinine:
8.0 ± 2.4 mg/dL
Peak BUN: 57.0 ± 9.6 mg/dL

Peak creatinine:
10.5 ± 5.3 mg/dL
Peak BUN: 46.7 ± 14.8 mg/dL

Peak creatinine: 5.7 ± 2.8
Peak BUN: 56.5 ± 31.7 mg/dL

Complications None

Pulmonary hemorrhage in
two animals after
embolization with PVA; no
further complications after
change to embolization with
microspheres

Five animals died in pilot
group: one from
hyperkalemia, one euthanized
for hindlimb paralysis, and
three following general
anesthesia for blood draws.
Three animals died in the
definitive group: one
immediately after
embolization, and two
euthanized for hindlimb
paralysis.

Maximum Duration of Study 31 days 285 days 84 days

Compared to the approaches described by de Vries [22] and Misra [24], our approach
offers at least two distinct advantages. First, both groups reported fatal or euthanasia-
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requiring complications associated with their single-stage embolization procedures. This is
consistent with our group’s attempts at single-stage embolization, performed prior to this
study, that led to hindlimb paralysis and uncontrollable electrolyte abnormalities leading
to death. Second, our approach with a two-stage subtotal embolization in Yucatan minipigs
leads to a state of chronic renal failure that is more profound than previous reports. The
protocol described by Misra et al. led to kidney injury not requiring dialysis, and the
protocol of de Vries et al. utilized the addition of gentamicin to induce a degree of renal
failure needing dialysis. Our protocol leads to stable renal failure requiring dialysis after the
second embolization, making it ideal for studying implantable renal replacement therapies.

The SNMHD implanted in this study builds on a significant body of work by our
group and others. Previously, we have successfully implanted both smaller and similar
scale silicon nanopore membrane devices via anastomoses to the carotid artery and external
jugular vein in healthy swine [12,42]. Silicon nitride nanoporous-based hemodialyzers
have been tested with extracorporeal circulation in rats with adenine-induced renal dys-
function and shown to clear uremic toxins without albumin spillage [39]. The protocol
described in this study offers a platform for scaling up to devices with clinically therapeutic
dialysis capacity.

In contrast to traditional hollow-fiber dialysis membrane, which have wide variation
in pore size and are thrombogenic even with anticoagulation, implantable SNMHD are
engineered with antifouling surface coatings and laminar blood flow path to decrease
protein aggregation and reduce thrombogenicity. Previously, SNM have been coated with
polyethylene glycol (PEG) and polysulfobetaine methacrylate (pSBMA) thin films; however,
PEG is prone to degradation under biologic conditions and pSBMA synthesis and deposi-
tion is complex [34,42,48]. Alumina thin-film coating via atomic layer deposition (ALD)
was utilized due to its durability, anti-fouling, and anti-thrombogenic properties [40,41].
Device patency and clearance of electrolytes, BUN, and Cr over the 7-day study period with
only oral dual antiplatelet medication is reflective of the hemocompatibility of the SNM
surface coating. Of note, while the clearance of Cr and K+ decreased over the 7-day study,
the clearance of urea remained stable. In general, protein fouling of the membrane leads to
decreased solute clearance, so it is unclear why changes in solute clearance were not similar
for all solutes, necessitating further investigation. Engineering of robust, anti-thrombogenic
thin-film surfaces is an active area of research and crucial to the success of any artificial,
implantable renal replacement therapy.

This study has a few clear limitations. First, only three animals underwent emboliza-
tion and only one device implant is described in this study. Further studies are underway
with a larger-scale SNMHD to validate and optimize the techniques described here. Next,
the device was implanted for only 7 days. Although the flow path remained patent and
the device cleared small molecule solute consistently without therapeutic anticoagulation,
a clinically practical implantable hemodialyzer will need to remain patent for months to
years. Future studies will study both longevity of our current devices and modifications re-
quired to extend duration of device patency. A combination of a fluid dynamics-optimized
flow path and continued advances in anti-fouling surface coatings research is crucial for the
success of a long-term implanted device. Finally, as with any externalized catheters, there
is an infection risk that can lead to significant complications. Advances in regenerative
dialysate and implantable renal cell bioreactors will be necessary to realize the goal of a
fully contained, implantable hemodialyzer or bioartificial kidney [14].

4. Conclusions

We report an embolization-to-implantation protocol for inducing renal failure via
staged endovascular nephrectomy, while preserving retroperitoneal structures critical
for device implantation in a swine model. We demonstrated successful retroperitoneal
implantation of a small-scale SNMHD. The device remained patent for 7 days and cleared
small molecule solutes. This is an important proof-of-concept study in the progression
towards therapeutic scale implantable RRT devices.
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5. Materials and Methods
5.1. Silicon Nanopore Membrane Fabrication

Silicon nanopore membranes (SNM) were fabricated as previously described [33,34].
Uniformly distributed nanopores enable high mass transport of nutrients while blocking
passage of immune cells, blood, antibodies, and complement. In brief, a polysilicon
coating was first deposited on 400 µm-thick silicon wafers via low-pressure chemical vapor
deposition. The polysilicon film was then patterned and oxidized to conformally grow a
10 nm-thick layer of silicon dioxide (SiO2). An additional polysilicon layer was then
deposited and planarized to create 10 nm wide veins of silicon dioxide (SiO2) between
the polysilicon layers. The other side of the wafer was subsequently patterned with deep
reactive ion etching to create a thin polysilicon membrane. The 10 nm pores were finally
created by etching away the SiO2. The wafers were then diced into 10 mm × 65 mm
membrane chips with a total porous membrane area of 2.16 cm2. Finally, SNM chips
were coated with a 5 nm layer of alumina (Al2O3) via atomic layer deposition (ALD)
using a Cambridge Fiji F2000 System (Integrated Surface Technologies, Menlo Park, CA,
USA), which acts as a smoothing and anti-thrombogenic surface coating [40,41,49]. See
Supplemental Figure S1 for additional details of the SNM structure [50].

5.2. Construction of Silicon Nanopore Membrane Hemodialyzer

A custom SNMHD was fabricated from polycarbonate and containing SNM to facilitate
intracorporeal dialysis. In brief, we created a modified version of our single-channel, two-
SNM chip flow chamber with the addition of dialysate manifold outflow chambers to
enable external dialysate recirculation [42]. Designs were generated using SolidWorks
(Dassault Systèmes, Waltham, MA, USA) and computational fluid dynamic modeling was
used to optimize the blood flow path with Ansys Fluent (Ansys, Inc., Canonsburg, PA,
USA). Polycarbonate housings were fabricated via CNC machining (Prototek, San Jose,
CA, USA). Graft connectors were milled from 316L stainless steel (Prototek), and silicone
gaskets were laser cut from USP VI grade silicone. The device was assembled as shown in
Figure 5.

5.3. Swine Renal Artery Embolization and Hemodialysis

Swine renal arterial embolization, device implantation, and dialysis were carried out
under an IACUC-approved protocol at a contract research organization facility (Labcorp,
San Carlos, CA, USA). A healthy juvenile Yucatan minipig underwent staged bilateral
renal artery embolization using a modification of a previously published protocol [24].
The animal was started on aspirin 81 mg daily and clopidogrel 75 mg daily for three
days prior to initial embolization. Trimethoprim/sulfamethoxazole 15 mg/kg was given
daily as antibiotic prophylaxis against central venous catheter infection for the duration
of the study. On the day of initial embolization, a double lumen central venous HD
catheter (Palindrome 14.5Fr Chronic Dialysis Catheter, Insertion Length 33 cm, Covidien-
Medtronic, Minneapolis, MN, USA) was placed via surgical cutdown into the external
jugular vein to enable subsequent HD and blood draws. The right renal artery was com-
pletely embolized using a combination of spherical polyvinyl alcohol particles (Contour
Embolization Particles, 355–500 micron and 500–710 micron, Boston Scientific Corporation,
Marlborough, MA, USA) and embolic microcoils (ev3 Concerto Detachable Coil System,
0.29 mm × 3 mm × 4 cm, Micro Therapeutics, Inc., Irvine, CA, USA). The embolic particles
were introduced through a 5 Fr C2 Cobra angiographic catheter (Cook Medical, Blooming-
ton, IN, USA) with a coaxial 2.8 Fr Progreat microcatheter (Terumo Corporation, Shibuya
City, Tokyo, Japan), inserted into the renal artery via a right common femoral artery sheath
(Arrow 6Fr Sheath Introducer, Teleflex, Morrisville, NC, USA). Embolization was con-
firmed via digital subtraction angiography with nonionic contrast media (Omnipaque 300
(Iohexol), GE Healthcare, Inc., Chicago, IL, USA).
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Figure 5. SNMHD schematic and assembly. (A) Assembled SNMHD consisting of a
polycarbonate blood flow housing, SNM, and stainless-steel graft and dialysate connectors
(106 mm L × 57 mm W × 11.5 mm H). (B) CAD image demonstrating blood flow path geometry.
(C) An exploded view of the SNMHD, showing that the blood path is bordered by parallel SNM
and held in place by compressive forces provided by the polycarbonate dialysate manifold and
silicone gaskets.

The animal was allowed to recover for 14 days, after which partial embolization
of the contralateral kidney was performed under general anesthesia as described above,
with embolization spheres injected into the inferior pole renal artery branch after selective
catheterization. Following the second embolization, the animal underwent daily intermit-
tent hemodialysis on the Tablo Hemodialysis System (Outset Medical, San Jose, CA, USA)
via the central venous catheter for seven days, followed by thrice-weekly HD on days 8+.
Hemodialysis treatments aimed to maintain euvolemia by titrating ultrafiltration to animal
weight on treatment days. The hemodialysis prescription was tailored to blood chemistry
analysis (Idexx Catalyst Dx Chemistry Analyzer, Idexx Laboratories, Inc. Westbrook, MN,
USA) on the day of treatment to maintain acid–base balance and achieve post-treatment
serum potassium concentration less than 4.0 mEq/L. Treatment duration was titrated to
achieve a urea reduction ratio greater than 60% during daily treatment periods and greater
than 70% during thrice-weekly periods. Sessions typically lasted between 90–180 min.

5.4. SNMHD Implantation Procedure

Device implantation was performed 25 days after induction of uremia, allowing time
for the animal to recover from the second embolization and enter a state of stable renal
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failure. The device was assembled as above, sterilized with 70% EtOH for 30 min, and
purged with sterile water. Prior to implantation, the device was primed with sterile 0.9%
NaCl solution. After induction of anesthesia, a curvilinear incision was made in the right
lower quadrant and extended through the abdominal wall musculature. The peritoneum
was swept superiomedially, and dissection was carried down to expose the right iliac artery
and vein. The vessels were isolated, 100 U/kg of heparin was given intravenously, and the
vessels were clamped. Grafts of 6 mm ringed polytetrafluoroethylene (PTFE) (Gore Medical,
Santa Clara, CA, USA) were sewn to the artery and vein with 6–0 Prolene suture (Ethicon,
Raritan, NJ, USA) in an end-to-side fashion. The distal ends of the PTFE grafts were
covered with a custom-molded DragonSkinTM silicone protector (10 Slow, Smooth-On Inc.,
Macungie, PA, USA) to prevent graft kinks. The arterial and venous grafts were connected
to the metal barbs on the inflow and outflow sides of the flow chamber, respectively. Sterile
polyurethane tubing (PowerHickman 8.0 Fr Single Lumen Catheter, BD, Franklin Lakes,
NJ, USA) was connected to the dialysate outflow barbs and tunneled externally through
the subcutaneous tissues, then the incision was closed in layers.

5.5. Post-Procedure Animal and Device Dialysis and Solute Measurement

The animal underwent dialysis with recirculated dialysate with the implanted SN-
MHD on post-procedure days 1, 5, and 7, prior to standard HD for 2 h. Due to the
sub-clinical membrane area of the SNMHD, and our intent to initially evaluate clearance
potential for a future clinically-sized device, a closed dialysate recirculation system was
used to measure solute clearance over time (Figure 6). To garner these insights, a 0.9%
NaCl solution (Aqualite System, Hospira, Inc., Lake Forest, IL, USA) was used to create a
50 mL “dialysate” reservoir and to prime IV tubing, which then attached to the previously
externalized polyurethane tubing connected to the dialysate manifold of the SNMHD.
NaCl solution was chosen as it is a readily available solution that does not contain our
solutes of interest, namely potassium, urea, and creatinine. NaCl solution was continuously
circulated through the SNMHD using an infusion pump (Heska Corp, Loveland, CO, USA)
at a rate of 15 mL/min in order to maintain a transmembrane pressure of 0 mmHg and
prevent ultrafiltration. Blood samples were collected from the pig at initiation of recircula-
tion dialysis for measurement of serum electrolytes, BUN, Cr, and albumin. Recirculated
dialysate was collected hourly for the same measurements. Concentrations of Cr, BUN, and
albumin in serum and from the dialysate reservoir were measured using an Avida 1800
Chemistry System (Siemens Medical, Erlangen, Germany) at Zuckerberg San Francisco
General Hospital and Trauma Center (San Francisco, CA, USA). The coefficient of variation
machine error for the Avida system was <4% for all assays. Changes in solute concentration
allowed measurement of normalized SNMHD clearance. Clearance, K, was calculated
according to:

K = (Cd × V)/
(
Cp × t × Am

)
where Cd is dialysate concentration, Cp is plasma concentration, V is dialysate volume, t is
time, and Am is membrane area. We assumed Cp to be constant in the setting of sub-clinical
SNMHD devices based on prior in vitro and in vivo experiments [33].

5.6. Explant and Retrieval of the SNM Hemodialyzer

Following completion of the study protocol, the animal was anesthetized for device re-
trieval. Following induction of general anesthesia, the SNMHD was exposed surgically and
recovered. The device was gently flushed with 1 L of normal saline to prevent subsequent
gross thrombosis of static blood and placed into a normal saline bath for transport from
the animal facility. After device disassembly, the SNM were grossly examined for defects
and evidence of thrombi. The animal was euthanized according to AVMA Guidelines for
Euthanasia of Animals [51].
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of Haemodialysis Treatment. Lab. Anim. 2018, 52, 176–185. [CrossRef]
22. de Vries, J.C.; van Gelder, M.K.; Monninkhof, A.S.; Ahmed, S.; Hazenbrink, D.H.M.; Nguyen, T.Q.; de Kort, G.A.P.; Vonken,

E.-J.P.A.; Vaessen, K.R.D.; Joles, J.A.; et al. A Uremic Pig Model for Peritoneal Dialysis. Toxins 2022, 14, 635. [CrossRef]
23. van Gelder, M.K.; de Vries, J.C.; Ahmed, S.; Monninkhof, A.S.; de Kort, G.A.P.; Vonken, E.-J.P.A.; Hazenbrink, D.H.M.; Vaessen,

K.R.D.; Nguyen, T.Q.; Verhaar, M.C.; et al. A Uremic Goat Model Created by Subtotal Renal Artery Embolization and Gentamicin.
Biology 2021, 10, 292. [CrossRef] [PubMed]

24. Misra, S.; Gordon, J.D.; Fu, A.A.; Glockner, J.F.; Chade, A.R.; Mandrekar, J.; Lerman, L.; Mukhopadhyay, D. The Porcine Remnant
Kidney Model of Chronic Renal Insufficiency. J. Surg. Res. 2006, 135, 370–379. [CrossRef] [PubMed]

25. Liu, H.-F.; Li, H.; Bai, G.; Zhang, Q.-Z.; Gao, X.; Liu, T.; Wang, H.-B. Establishment of Renal Failure Models by Laparoscopy
in Bama Pigs Which Underwent Partial Nephrectomy and Radical Contralateral Nephrectomy. J. Vet. Res. 2019, 63, 447–455.
[CrossRef] [PubMed]

26. Bechara, G.R.; Damasceno-Ferreira, J.A.; Abreu, L.A.D.S.; Costa, W.S.; Sampaio, F.J.B.; Pereira-Sampaio, M.A.; Souza, D.B.D.
Glomerular Loss after Arteriovenous and Arterial Clamping for Renal Warm Ischemia in a Swine Model. Acta Cir. Bras. 2016, 31,
753–758. [CrossRef] [PubMed]

27. Damasceno-Ferreira, J.A.; Abreu, L.A.S.; Bechara, G.R.; Costa, W.S.; Pereira-Sampaio, M.A.; Sampaio, F.J.B.; De Souza, D.B.
Mannitol Reduces Nephron Loss after Warm Renal Ischemia in a Porcine Model. BMC Urol. 2018, 18, 16. [CrossRef]

28. Baldwin, D.D.; Maynes, L.J.; Berger, K.A.; Desai, P.J.; Zuppan, C.W.; Zimmerman, G.J.; Winkielman, A.M.; Sterling, T.H.; Tsai, C.K.;
Ruckle, H.C. Laparoscopic Warm Renal Ischemia in the Solitary Porcine Kidney Model. Urology 2004, 64, 592–597. [CrossRef]

29. Orvieto, M.A.; Tolhurst, S.R.; Chuang, M.S.; Lyon, M.B.; Ritch, C.R.; Rapp, D.E.; Shalhav, A.L. Defining Maximal Renal Tolerance
to Warm Ischemia in Porcine Laparoscopic and Open Surgery Model. Urology 2005, 66, 1111–1115. [CrossRef]

30. Huang, J.; Bayliss, G.; Zhuang, S. Porcine Models of Acute Kidney Injury. Am. J. Physiol.-Ren. Physiol. 2021, 320, F1030–F1044.
[CrossRef]

31. Cui, J.; Tang, L.; Hong, Q.; Lin, S.; Sun, X.; Cai, G.; Bai, X.-Y.; Chen, X. N-Acetylcysteine Ameliorates Gentamicin-Induced
Nephrotoxicity by Enhancing Autophagy and Reducing Oxidative Damage in Miniature Pigs. Shock 2019, 52, 622–630. [CrossRef]

32. Robbins, M.E.; Bywaters, T.B.; Jaenke, R.S.; Hopewell, J.W.; Matheson, L.M.; Tothill, P.; Whitehouse, E. Long-Term Studies of
Cisplatin-Induced Reductions in Porcine Renal Functional Reserve. Cancer Chemother. Pharmacol. 1992, 29, 309–315. [CrossRef]

33. Kim, S.; Feinberg, B.; Kant, R.; Chui, B.; Goldman, K.; Park, J.; Moses, W.; Blaha, C.; Iqbal, Z.; Chow, C.; et al. Diffusive Silicon
Nanopore Membranes for Hemodialysis Applications. PLoS ONE 2016, 11, e0159526. [CrossRef]

https://doi.org/10.1681/ASN.2011070674
https://doi.org/10.1172/jci.insight.86397
https://doi.org/10.2215/CJN.02790409
https://doi.org/10.3390/membranes10060119
https://www.asn-online.org/education/kidneyweek/2021/program-abstract.aspx?controlId=3604321
https://www.asn-online.org/education/kidneyweek/2021/program-abstract.aspx?controlId=3604321
https://doi.org/10.1097/MAT.0000000000000367
https://doi.org/10.14814/phy2.14593
https://www.ncbi.nlm.nih.gov/pubmed/33278069
https://doi.org/10.1111/aor.14396
https://www.ncbi.nlm.nih.gov/pubmed/36129158
https://doi.org/10.1016/j.ejphar.2016.07.009
https://www.ncbi.nlm.nih.gov/pubmed/27395800
https://doi.org/10.1038/8626
https://www.ncbi.nlm.nih.gov/pubmed/10331803
https://doi.org/10.1681/ASN.2007080895
https://doi.org/10.1007/s10157-008-0050-9
https://doi.org/10.21820/23987073.2018.3.55
https://doi.org/10.1177/0023677217718861
https://doi.org/10.3390/toxins14090635
https://doi.org/10.3390/biology10040292
https://www.ncbi.nlm.nih.gov/pubmed/33916709
https://doi.org/10.1016/j.jss.2006.04.001
https://www.ncbi.nlm.nih.gov/pubmed/16815448
https://doi.org/10.2478/jvetres-2019-0052
https://www.ncbi.nlm.nih.gov/pubmed/31572827
https://doi.org/10.1590/s0102-865020160110000008
https://www.ncbi.nlm.nih.gov/pubmed/27982263
https://doi.org/10.1186/s12894-018-0328-5
https://doi.org/10.1016/j.urology.2004.04.019
https://doi.org/10.1016/j.urology.2005.05.027
https://doi.org/10.1152/ajprenal.00022.2021
https://doi.org/10.1097/SHK.0000000000001319
https://doi.org/10.1007/BF00685950
https://doi.org/10.1371/journal.pone.0159526


Toxins 2023, 15, 547 13 of 13

34. Fissell, W.H.; Dubnisheva, A.; Eldridge, A.N.; Fleischman, A.J.; Zydney, A.L.; Roy, S. High-Performance Silicon Nanopore
Hemofiltration Membranes. J. Membr. Sci. 2009, 326, 58–63. [CrossRef] [PubMed]

35. Kanani, D.M.; Fissell, W.H.; Roy, S.; Dubnisheva, A.; Fleischman, A.; Zydney, A.L. Permeability—Selectivity Analysis for
Ultrafiltration: Effect of Pore Geometry. J. Membr. Sci. 2010, 349, 405. [CrossRef] [PubMed]

36. Desai, T.A.; Hansford, D.J.; Kulinsky, L.; Nashat, A.H.; Rasi, G.; Tu, J.; Wang, Y.; Zhang, M.; Ferrari, M. Nanopore Technology for
Biomedical Applications. Biomed. Microdevices 1999, 2, 11–40. [CrossRef]

37. Song, S.; Yeung, R.; Park, J.; Posselt, A.M.; Desai, T.A.; Tang, Q.; Roy, S. Glucose-Stimulated Insulin Response of Silicon
Nanopore-Immunoprotected Islets under Convective Transport. ACS Biomater. Sci. Eng. 2017, 3, 1051–1061. [CrossRef] [PubMed]

38. Johnson, D.G.; Khire, T.S.; Lyubarskaya, Y.L.; Smith, K.J.P.; DesOrmeaux, J.-P.S.; Taylor, J.G.; Gaborski, T.R.; Shestopalov, A.A.;
Striemer, C.C.; McGrath, J.L. Ultrathin Silicon Membranes for Wearable Dialysis. Adv. Chronic Kidney Dis. 2013, 20, 508–515.
[CrossRef]

39. Hill, K.; Walker, S.N.; Salminen, A.; Chung, H.L.; Li, X.; Ezzat, B.; Miller, J.J.; DesOrmeaux, J.-P.S.; Zhang, J.; Hayden, A.; et al.
Second Generation Nanoporous Silicon Nitride Membranes for High Toxin Clearance and Small Format Hemodialysis. Adv.
Healthc. Mater. 2020, 9, e1900750. [CrossRef]

40. Xu, Q.; Yang, Y.; Wang, X.; Wang, Z.; Jin, W.; Huang, J.; Wang, Y. Atomic Layer Deposition of Alumina on Porous Polytetraflu-
oroethylene Membranes for Enhanced Hydrophilicity and Separation Performances. J. Membr. Sci. 2012, 415–416, 435–443.
[CrossRef]

41. Li, N.; Tian, Y.; Zhao, J.; Zhang, J.; Kong, L.; Zhang, J.; Zuo, W. Static Adsorption of Protein-Polysaccharide Hybrids on Hydrophilic
Modified Membranes Based on Atomic Layer Deposition: Anti-Fouling Performance and Mechanism Insight. J. Membr. Sci. 2018,
548, 470–480. [CrossRef]

42. Iqbal, Z.; Kim, S.; Moyer, J.; Moses, W.; Abada, E.; Wright, N.; Kim, E.J.; Park, J.; Fissell, W.H.; Vartanian, S.; et al. In Vitro and in
Vivo Hemocompatibility Assessment of Ultrathin Sulfobetaine Polymer Coatings for Silicon-Based Implants. J. Biomater. Appl.
2019, 34, 297–312. [CrossRef]

43. Moyer, J.; Wilson, M.; Santandreu, A.; Chen, C.; Hu, D.; Kerdok, A.; Porock, E.; Wright, N.; Ly, J.; Blaha, C.; et al. Endovascular
Nephrectomy in Swine for Evaluation of Implantable Devices for Renal Replacement Therapy. In Proceedings of the American
Society of Nephrology Kidney Week 2022, Orlando, FL, USA, 3–6 November 2022.

44. Morya, R.; Kumar, K.; Kumar, P. Anatomical and Physiological Similarities of Kidney in Different Experimental Animals Used for
Basic Studies. J. Clin. Exp. Nephrol. 2018, 3, 1–6. [CrossRef]

45. Gómez, F.A.; Ballesteros, L.E.; Estupiñan, H.Y. Morphological Characterization of the Renal Arteries in the Pig: Comparative
Analysis with the Human. Int. J. Morphol. 2017, 35, 319–324. [CrossRef]

46. Packialakshmi, B.; Stewart, I.J.; Burmeister, D.M.; Chung, K.K.; Zhou, X. Large Animal Models for Translational Research in
Acute Kidney Injury. Ren. Fail. 2020, 42, 1042–1058. [CrossRef] [PubMed]

47. Dhondt, L.; Croubels, S.; Paepe, P.D.; Wallis, S.C.; Pandey, S.; Roberts, J.A.; Lipman, J.; Cock, P.D.; Devreese, M. Conventional Pig
as Animal Model for Human Renal Drug Excretion Processes: Unravelling the Porcine Renal Function by Use of a Cocktail of
Exogenous Markers. Front. Pharmacol. 2020, 11, 883. [CrossRef]

48. Sharma, S.; Johnson, R.W.; Desai, T.A. Evaluation of the Stability of Nonfouling Ultrathin Poly(Ethylene Glycol) Films for
Silicon-Based Microdevices. Langmuir 2004, 20, 348–356. [CrossRef]

49. Wang, C.-C.; Wang, L.-C.; Yang, K.-C.; Chen, M.-J.; Lin, H.-C.; Han, Y.-Y. Enhancement of the Anticoagulant Capacity of Polyvinyl
Chloride Tubing for Cardiopulmonary Bypass Circuit Using Aluminum Oxide Nanoscale Coating Applied through Atomic
Layer Deposition. J. Biomed. Mater. Res. Part B Appl. Biomater. 2022, 110, 527–534. [CrossRef]

50. Chui, B.W.; Wright, N.J.; Ly, J.; Maginnis, D.A.; Haniff, T.M.; Blaha, C.; Fissell, W.H.; Roy, S. A Scalable, Hierarchical Rib Design
for Larger-Area, Higher-Porosity Nanoporous Membranes for the Implantable Bio-Artificial Kidney. J. Microelectromech. Syst.
2020, 29, 762–768. [CrossRef]

51. AVMA Guidelines for the Euthanasia of Animals. Available online: https://www.avma.org/resources-tools/avma-policies/
avma-guidelines-euthanasia-animals (accessed on 18 February 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.memsci.2008.09.039
https://www.ncbi.nlm.nih.gov/pubmed/20054402
https://doi.org/10.1016/j.memsci.2009.12.003
https://www.ncbi.nlm.nih.gov/pubmed/20161691
https://doi.org/10.1023/A:1009903215959
https://doi.org/10.1021/acsbiomaterials.6b00814
https://www.ncbi.nlm.nih.gov/pubmed/29250596
https://doi.org/10.1053/j.ackd.2013.08.001
https://doi.org/10.1002/adhm.201900750
https://doi.org/10.1016/j.memsci.2012.05.031
https://doi.org/10.1016/j.memsci.2017.11.063
https://doi.org/10.1177/0885328219831044
https://doi.org/10.21767/2472-5056.100060
https://doi.org/10.4067/S0717-95022017000100050
https://doi.org/10.1080/0886022X.2020.1830108
https://www.ncbi.nlm.nih.gov/pubmed/33043785
https://doi.org/10.3389/fphar.2020.00883
https://doi.org/10.1021/la034753l
https://doi.org/10.1002/jbm.b.34932
https://doi.org/10.1109/JMEMS.2020.3013606
https://www.avma.org/resources-tools/avma-policies/avma-guidelines-euthanasia-animals
https://www.avma.org/resources-tools/avma-policies/avma-guidelines-euthanasia-animals

	Introduction 
	Results 
	Staged Bilateral Renal Artery Embolization Induces a Stable Renal Failure State 
	SNMHD Retroperitoneal Implantation and Patency 
	SNMHD Effectively Clears Potassium, Creatinine, BUN While Preventing Albumin Loss 

	Discussion 
	Conclusions 
	Materials and Methods 
	Silicon Nanopore Membrane Fabrication 
	Construction of Silicon Nanopore Membrane Hemodialyzer 
	Swine Renal Artery Embolization and Hemodialysis 
	SNMHD Implantation Procedure 
	Post-Procedure Animal and Device Dialysis and Solute Measurement 
	Explant and Retrieval of the SNM Hemodialyzer 

	References



