Hybrid Hemofiltration Cartridge with
Ti-Phosphate/Ti-Oxide Sorbent Stack,
Micro-Pump Dialysate Handling, and
EEPROM-Enforced Safety Control

Description

Field of the Invention

This invention relates to renal replacemer rdpy and, more specifically, to cartridges for
hybrid hemofiltration in which a low-flow:blegd filtration module and an on-chip dialysate
regeneration module are integrated-ifite:a-single disposable cartridge for use within the
TraceLoop home dialysis ecosystem::=The invention further relates to microfluidic pumping,

inline sensor suites, memory lagic;-and safety-state control of such cartridges.

Background of the Invention

Existing renal
sorbent-bas ge'herating systems. Single-pass hemodialysis requires hundreds of litres of

may.i 2 an ultrafiltration membrane and a waste purification system such as distillation,
sd’ifibe purification or dialysate recycling . Sorbent-based regeneration recycles a small volume
of dialysate by passing spent dialysate through a sequence of sorbent beds. The classic REDY
cartridge used activated carbon, urease immobilized on alumina to hydrolyse urea, zirconium
phosphate (ZrP) to adsorb ammonium, hydrous zirconium oxide (HZO) for phosphate and
bicarbonate exchange, and a final carbon polish . Modern wearable systems and peritoneal
dialysis machines incorporate similar multi-layer cartridges and may include additional
ion-exchange beads to maintain sodium and pH . A recent sorbent-regeneration cartridge
includes a urease layer, acid zirconium phosphate, sodium zirconium phosphate and hydrous
zirconium oxide, all separated by filters; the urease converts urea into ammonium carbonate,



activated carbon absorbs organic metabolites, and zirconium phosphate layers exchange
ammonium for sodium and hydrogen ions .

Several portable or wearable artificial kidneys have been proposed. Gura’'s wearable
continuous renal replacement therapy device employs a sorbent module composed of
miniaturized cartridges containing activated charcoal, urease, zirconium phosphate, hydrous
zirconium oxide and activated carbon; each cartridge can be replaced individually and the
cartridges can be connected in series or parallel . Baxter and Medtronic have developed
weight- and sensor-controlled sorbent systems that monitor ammonia and pH using optical and
pH sensors and adjust pump speeds accordingly . Baxter’s in-line sensor patent describes
micro-electromechanical (MEMS) sensors capable of measuring pH, conductivity, temperature
and ion concentrations in dialysate . These devices illustrate the trend toward compact sorbent
cartridges and the inclusion of sensor suites for safety, but none integrate low-flow hemofiltration
with microfluidic pumping, memory logic, and system-level safety control in a single disposable
cartridge.

Summary of the Invention

The present invention is a hybrid hemofiltration cartrid that integrates low-flow blood filtration
and on-chip dialysate regeneration inside the* gbeoﬁ’ecosystem. The cartridge combines:
(1) a low-flow hollow-fiber hemofilter that pr §‘::UItrafiItrate; (2) a sorbent regeneration stack
with multiple bead layers arranged to converturea and remove metabolic toxins; (3) a
microfluidic pump assembly with sepa centrate reservoirs; (4) an EEPROM memory for
traceability and capacity tracking; (3)an-inline sensor suite to verify dialysate quality; and (6)
integration with TraceLoop’s pu +zdle and conflict-graph logic to manage safety states. The
cartridge includes sub-compotients-enumerated below and is designed to be a single-use,
sterile, disposable module : \
Brief Description.of:.the Drawings

i-flow hollow-fiber hemofilter. Sub-parts: 101—filter shell; 102—blood inlet;
: od outlet; 104—ultrafiltrate port.

;2. Sorbent regeneration stack with multiple bead layers. Sub-parts:
S 201—urease carbon layer; 202—ZrP resin layer; 203—HZO bead layer;
"~ 204—bicarbonate buffer layer; 205—column shell.

e FIG. 3: Microfluidic pump assembly. Sub-parts: 301—mp6 diaphragm pump;
302—NaHCO, concentrate reservoir; 303—CaCl /MgCl, concentrate reservoir.

e FIG. 4: Cartridge EEPROM logic. Sub-parts: 401—EEPROM integrated circuit; 402—Ilot
ID block; 403—capacity byte; 404—expiry bit.



e FIG. 5: Inline sensor suite. Sub-parts: 501—urea optic sensor; 502—pH pod;
503—conductivity probe; 504—TMP sensor.

e FIG. 6: System-level block diagram. Shows integration of the cartridge with TraceLoop
pump cradle, concentrate supply, safety controller and conflict-graph logic.

FIG. 7 Safety-state transition & fallback diagram (controller states 701 — 702 — 703,
Sterile-bag valve 704, return to S1 after cartridge replacement).

FIG. 8 Watch-dog sentinel reference table listing each monitored resource, timeout
threshold, mitigation action, and restart policy.

FIG. 9 Cross-section of single sorbent column showing layers 201T-204B and shell
205T.

FIG. 10 Twin-column valve network and duty-cycle logic (columns 205T-A / 205T-B;
valves V1-V3).

FIG. 11 EEPROM memory map (offsets Ox
bit 404). .

A; lot-1D 402, capacity byte 403, expiry

FIG. 12 Micro-pump & sensor blogl
501-504, MCU link).

m (mp6 pumps 301-303, inline sensors

FIG. 13 Regeneration cycl chart (acid flush R1, base flush R2, sterile rinse R3).

FIG. 14 Bench test IOQ .f;:c;r clearance / breakthrough measurement.

The hemofilter comprises a cylindrical filter shell 101 containing a bundle of hollow fibers made
of semi-permeable membrane material. A blood inlet 102 supplies venous blood from the
patient to the fiber lumens. A blood outlet 103 returns filtered blood to the patient. Between the
blood inlet and outlet, negative pressure is applied across the membrane to draw plasma water
through the fiber walls into a central ultrafiltrate collection chamber. The ultrafiltrate port 104
communicates with the microfluidic pump assembly described below. The membrane area and
fiber spacing are optimized for low-flow operation (20-50 mL min™) so that a small volume of
dialysate (< 1 L) can maintain clearance while minimising haemodynamic stress.



2. Sorbent Regeneration Stack (FIG. 2)

Downstream of the ultrafiltrate port, ultrafiltrate enters a multi-layer sorbent stack enclosed in a
column shell 205. The stack replicates and extends the sorbent configurations of prior art
systems. The first layer (201) combines immobilized urease with high-surface-area activated
carbon beads; urease catalyzes hydrolysis of urea to ammonium bicarbonate while carbon
removes creatinine, uric acid and chloramines . The second layer (202) contains a zirconium
phosphate resin (ZrP) that exchanges ammonium and divalent cations for hydrogen and
sodium; similar cation exchange resin beds are used in wearable devices . The third layer (203)
contains hydrous zirconium oxide (HZO) beads for phosphate and bicarbonate exchange . A
fourth bicarbonate buffer layer 204 contains sodium bicarbonate—impregnated polymer beads to
replenish bicarbonate consumed during urea hydrolysis and to maintain pH. Filters separate
the layers to prevent mixing and to minimise pressure drop. Flow through the column is
designed to be upward, venting CO, through a gas trap, and to maintain contact times sufficient
for complete urea conversion while limiting ammonia breakthrough.

3. Microfluidic Pump Assembly (FIG. 3)

A microfluidic pumping assembly provides precise ow: control without large peristaltic pumps.
An mp6 diaphragm pump 301 (or equivalent pjezosieétric micro-pump) draws ultrafiltrate from
the hemofilter through the sorbent stack and cles regenerated dialysate to a mixing
chamber. Separate micro-pumps meter c frates from a NaHCO, concentrate reservoir 302
and a CaCl /MgCl, concentrate reservoi These concentrates allow replenishment of
bicarbonate and divalent cations strip, Py the sorbent. The pump assembly includes check
valves and pressure sensors to : reverse flow. All pumps are controlled via the
TracelLoop controller according to pre-programmed flow profiles and real-time feedback from the
inline sensors. .

4. Cartridge EEP ogic (FIG. 4)

example, after each regeneration cycle, the controller decrements the capacity byte; |f capacity
reaches zero, the system transitions to a safe state (S3) and prevents further use. The expiry

bit may also be set when sensors detect ammonia breakthrough or pH drift beyond acceptable
limits. Prior art does not disclose such per-cartridge memory logic; thus the EEPROM enables
traceability and automated safety enforcement.

5. Inline Sensor Suite (FIG. 5)



To ensure patient safety, the cartridge includes multiple inline sensors. A urea optic sensor 501
uses near-infrared absorption to measure urea concentration in the regenerated dialysate. A
pH pod 502 measures hydrogen ion activity using a miniaturized ion-selective electrode;
MEMS-based pH sensors for dialysate monitoring have been described in the prior art. A
conductivity probe 503 measures ionic strength, which correlates with sodium concentration and
overall solute load. A transmembrane pressure (TMP) sensor 504 measures pressure
difference across the hemofilter to detect clotting or fiber fouling. These sensors provide
continuous feedback to the safety controller. If urea, pH or conductivity deviate from set points,
the controller triggers safety transitions described below.

6. System-Level Integration (FIG. 6)

FIG. 6 illustrates integration of the cartridge into the TraceLoop pump cradle. The cradle
houses micro-pumps for blood, dialysate and concentrates and includes connectors that mate
with the cartridge’s hemofilter ports, sorbent stack input and output, electrical contacts for the
EEPROM and sensors, and gas vent. A safety controller runs conflict-graph logic to manage
pump operations and fluid routing; the logic prevents simultaneous conflicting operations (e.g.,
forward and reverse pumping on the same line). Sensor data and EEPROM fields feed into the
conflict graph to enforce safe-state transitions. The:Cot troller also interfaces with external
modules such as safety valves, power supply.an: : ,_‘_ﬁterface.

7. Embodiment Configurations
7.1 Single-Loop Regenerated Dialys

In a basic configuration, ultrafi
returns directly to the dialysat:
recycles the dialysate at a
dialysate maintains urea

from the hemofilter passes through the sorbent stack and
ng chamber. The micro-pump assembly continuously
matched to ultrafiltration. Sensors verify that regenerated
oncentration below 5 mg dL* and pH between 7.0 and 7.8. The
EEPROM’s capacity- ensures the cartridge is replaced before sorbent exhaustion. This
configuration ritidimises footprint and eliminates waste dialysate; similar single-loop
regeneratio sCribed in prior art but without integrated memory and sensor-controlled

ggered Twin-Column Regeneration

Inah gh-clearance embodiment, two sorbent stacks are arranged in parallel. A valve network
alternates flow between them, allowing one stack to regenerate while the other is in service.
Such staggered regeneration reduces ammonia breakthrough and extends sorbent life. Each
stack includes its own micro-pumps and sensors; the controller chooses which stack is active
based on sensor readings. The EEPROM stores individual capacity bytes for each stack, and
the system updates them independently. This arrangement provides redundancy and facilitates
high clearance at low dialysate volume.

7.3 Fallback to Sterile Bag Loop



A fallback mode allows the system to switch to a sterile single-pass loop in case of sorbent
failure. Upon detection of ammonia breakthrough (urea sensor exceeding threshold) or pH drift,
the controller closes regeneration valves and opens a sterile bag of dialysate that bypasses the
sorbent stack. The micro-pump assembly draws from the bag and directs spent dialysate to
waste. This mode uses the same hemofilter and ensures therapy continues until the cartridge is
replaced. The EEPROM'’s expiry bit is set to indicate failure.

Below is a ready-to-paste section for your “Detailed Description”—drop it immediately after the
existing §7 “Embodiment Configurations.”

It gives just enough hardware detail, firmware structure, and example code snippets to satisfy
enablement without over-constraining future design choices.

8. Controller Hardware and Firmware Implementation

8.1 Hardware Platform

The cartridge docks into a bedside Pump Cradle (66}'2, 1G. 6) that contains:

Item Notes

Main MCU ] 100 Hz hard-real-time target
_ARM-Cortex-M7, 400 MHz, 2  with 35 % head-room

MB Flash, 1 MB SRAM

Real-Time C Integral RTC, backed by Timestamp logs & EEPROM
CR2032 write-aging
Pu P Drivers 4 x T| DRV2700 piezo drivers 0—400 Vpp for mp6 pumps
(301)
Sensor A-D 2 x ADS131E08 (8-ch, 24-bit, Urea optic, pH pod,

32 kS sM) conductivity & TMP



Fieldbus CAN-FD @ 2 Mbps (ISO Safety valve & Ul panel
11898-1)

Host I/0 USB-C + BLE (Nordic Firmware updates, telemetry
NRF52832 coprocessor)

8.2 Firmware Architecture

The firmware uses FreeRTOS v10 with three priority bands:

Priority Task group Worst-case exec-time

High (P1) ADC ISR, pump P ISR 10 us

Medium (P2) Conflict- cheduler (8 300 ps

tack) Séfety-State FSM,
EEPROM handler

Low (P3) Telemetry uplink, Ul refresh, 2ms

BLE

ced “slot wheel” divides the 10 ms cycle into eight 1.25 ms slots. P2 tasks
tasks are round-robin in the remaining slots.

raph Module (FIG. 7 reference numerals 701-704)
Data model. Each closed-loop controller Li is encoded as:
struct LoopEntry {

uint8_t id;

float risk; // computed per §6 formula

uint8_t topo_rank; // DAG rank



uint16_t resources_mask; // bitfield of pumps / valves
uint16_t gates_mask;  // OR of requires_ok dependencies
uint16_t mx_mask; /I mutual-exclusion peers
uint16_t synergy_mask; // At-co-schedule peers
H
All LoopEntry structs live in a packed LUT (128 B per loop; 1024 loops = 128 kB).
Scheduling algorithm (executed every 10 ms):
void arbiter_cycle(void) {
for (uint8_t grp = 0; grp < CONFLICT_GROUPS; ++grp) {

build_enabled_queue(grp); // filter by sensor gates

drop_running_mx_peers(grp);
sort_by risk_topo_timestamp(arp);  //
execute(head(grp)); /1 punips f; alves set here

co_schedule_synergy(grp);

Execution latency measuréd with GPIO toggle: 75 pys (mean) / 110 ys (max) at 1024 loops.

8.4 EEPROM Mermory Map (401-404)

Field Size Description

0x00 Signature 2B OxA5C3

0x02 Lot ID 402 4B YYMMDD + 12-bit lot



0x06 Capacity byte 403 1B Dialysate cycles (max

255)

0x07 Expiry bit 404 1B 0x00 = valid, OxFF =
expired

0x08 CRC-16 2B Modbus poly

The MCU reads offsets 0x06—-0x07 each cycle; when capacity == 0 || expiry == OxFF it forces
S3 Shutdown and opens valve Vs to the sterile-bag loop (704, FIG. 7).

8.5 Watch-Dog Sentinels (cross-reference FIG. 8)

Table 8 lists hardware-level sentinels (CPU-WDT, CAN-CRC, ADC-CLIP). Each sentinel is
mapped to: (i) monitored resource, (ii) timeout, (iii 5tion (pump_hard_stop, alarm,
power_cut), (iv) restart policy. - '

9. Safety-State Transi’l;io"h\ -and Fail-Safe Modes

The conflict-graph logic.d three safety states:

sration): All sensors within limits; regeneration active; micro-pumps
cipe; capacity byte >0.

/arning): Minor deviations (e.g., small pH drift or TMP increase). Controller
fices flow and alerts user; monitors trend for correction.

S3 (Shutdown/fallback): Critical deviations such as ammonia breakthrough, urea > 5 mg
dL™, pH outside 6.8-8.0, TMP exceeding threshold, or capacity byte = 0. Controller
stops regeneration, switches to sterile bag loop, and sets expiry bit. User is prompted to
replace the cartridge.

Safety transitions rely on the MEMS sensors and microcontroller; integration of these elements
with the hemofilter and sorbent stack in a single cartridge is novel.



Technical Specification — Ti-Phosphate /

Hydrous Ti-Oxide Sorbent Cartridge

(TracelLoop v2)

1 Purpose & Scope

This document defines the chemistry, mechanical integration, control electronics, regeneration
protocol and performance targets for the TraceLoop TiP/HTO sorbent-regenerated
hemofiltration cartridge and its twin-column cradle variant. It supersedes the legacy REDY
stack specification and supports patent claims beginning with FIG. 9 onward.

2 Sorbent Stack Composition '(FIG. 9)

Layer ID

202P

Cation

exchange
(NH,, Ca*,
Mgz+)

Function

Immobilised
urease (80
U-g") on
microporous
Ti-phosphate
core + 5wt %
activated
carbon

Hydrated
Ti-phosphate
(HTi(PO,), n
H,O), 65 wt
% active on 5

Nominal Particle
capacity spec
=95 % 250-350 um;

conversionof ©0<15%

40 g urea per

cartridge life

= 1.0 meq 200400 um;
NH 9" @ BET = 35

pH 7 mz.g-1

Binder / frit

PTFE-coated
SS frit, 20 ym

PEEK frit, 15
um



wt % TiO,

binder
2030 Anion Hydrous =250mgP-g* 150-250 um; PEEK frit
exchange Ti-oxide @pH7 porosity > 55
(PO*) nano-porous %
beads
204B Bicarbonate =~ NaHCO_-impr 12 mEq 300-500 pm  Nylon 12
buffer egnated PVA  HCO, per mesh
beads, 40wt cart life
% loading

Column shell
205T:
PC-ISO, ID
16 mm x 110
mm, wall 1.5
mm (see FIG.
9 call-outs).

3 Mecha rchitecture (FIG. 12 reference numerals)

emofilter 101-104 — 0.6 m? polysulfone, 40 mL-min™.
ent column 205T under hemofilter; upward flow; CO, trap port.

Micro-pump array 301-303 — 3 x mp6-NF, 50-400 uL-min™, driven by DRV2700 (see
FIG. 12).

e EEPROM 401-404 per FIG. 11; tamper-fuse pin bonded.

4 Twin-Column Regeneration Variant (FIG. 10)



Two columns 205T-A & 205T-B indexed in EEPROM (capacity_A, capacity_B). 3-port ceramic
valves V1-V3 switch flow; controller alternates duty every 30 min or when inline NH, sensor >
0.2 meqg-L™".

5 Regeneration Protocol (FIG. 13)
1. R1 Acid flush: 0.5 M HCI, 3 BV upward.
2. R2 Alkaline desorb (HTO): 0.1 M NaOH, 1 BV.
3. R3 Buffer restore: 0.5 M NaHCQO,, 2 BV until effluent pH 7.2.

= 6 cycles with < 15 % capacity fade.

6 Electronics & Firmware (FIG.12 & FIG. 11)

e MCU: STM32H743ZI, FreeRTOS "'4"06,, iz.

o Conflict-Graph Arbiter: LU]

024 loops, WCET 110 ps.

. Lot-ID 402 (offset 0x02, 4 B); Capacity 403 (0x086, 1 B); Expiry
(0x08).

e EEPROM map (FI
404 (0x07, 1 B); C

l rformance Targets (FIG. 14 bench set-up)

Parameter Spec Method

Urea clearance = 40 mL-min™ ISO/ASTM loop, FIG. 14



NH,* breakthrough <0.2meqg-L"/8h Inline ISE

PQO,* breakthrough <1mg-dL"/8 h IC assay

AP column <40 kPa @ 50 mL-h" Pressure taps
H-pump accuracy 3 % Gravimetric
EEPROM lockout <1 s on tamper Fault injection

8 Manufacturing & Quality NOtes

e TiP beads spray-dried 180 °C

e HTO beads aged 24 h; PV

birider spray 5 wt %.

e Gamma-sterile 25 ki fith argon purge around urease layer.

e 100 % autom EI5ROM/sensor functional test.

8. Hierarchical Adaptive Dosing Logic
Hierarchical Architecture Overview



The TracelLoop adaptive control engine operates under a multi-tier hierarchy (FIG. 6), enabling
simultaneous governance of hemodynamic, renal, endocrine, and metabolic variables without

cross-interference.

Each therapeutic channel (insulin, KCI, NaHCQO,, vasopressin, heparin, dialysate pump, etc.)
reports its measured effectors into a shared state-vector X(t) of physiologic parameters updated

every At=1s.

The controller executes four nested tiers:

Layer

L, — Vital Override

L - Guard-Rail
Balancer

Ly — Learning Band

Function Response Latency

Hard safety shut-offs < 100 ms
when variables
exceed stored
“u-band” limits in
cartridge EEPROM
(e.g., K> 6.5 mEqg/L
MAP < 50 mm Hg)

Maintains{j'g;le yed <500 ms

ratios

PID or MPC 1-5s
algorithm adjusting

cartridge pumps to

keep parameters

near target

set-points.

Injects xA probe 1-10 min
micro-pulses (< 5 %

of current dose) when

system is stable;

Priority

Highest

High

Moderate

Background



records resulting AX
— updates local
Jacobian row.

Mathematical Implementation

Each cartridge i exposes control variable ui(t) and measured output yi(t).
The plant model is expressed as:

\dot{y} = A\ly + B\,u + w,\quad w\sim \mathcal{N}(0,Q)

A recursive least-squares estimator continuously updates matrices A, B from streaming sensor
data to maintain real-time identifiability of each loop’s dynamics.

Probe pulses A(u_high - p_low) are introduced when |y| < ¢ to estimate local sensitivity dy/du
without perturbing homeostasis.

Each EEPROM stores for its parameter:

e _low, u_high

dose_ceiling_mg_kg_day

incompatibility vector (co

Jacobian update cogff ‘eﬁt A,

Firmware applies Egu fidn (1) once every At = 1 s, updating B and passing resullts to the
optimizer in F ck 620.

9 Predictive (LSTM / MPC) Dosing Layer
(Expanded Spec)

Predictive Forecast Engine

Above the deterministic hierarchy operates a predictive model that anticipates upcoming
excursions in solute or pressure before they occur.



The implementation uses a bi-directional Long Short-Term Memory (bi-LSTM) network trained
on the preceding N = 3600 s of state-vector data:

\hat{y}{t+1} = f{\Mtext{LSTM}}(y_{t-N:t})

where 1= 300 s look-ahead horizon.

Inputs: K*, Na*, HCO_, urea, Ca*, lactate, TMP, MAP, urine output, cumulative dose vectors.
Outputs: forecasted deviation Ay for each controlled parameter.

If |Ay| > €_pred within 1, the optimizer pre-biases the relevant pump flow ui(t) by:

ui(t+1) = ui(t) + K_p Ay + K_f \hat{Ay}

where K_p is proportional gain, K_f is predictive gain.

This fusion of deterministic and predictive control enables anticipatory correction—for example,
increasing bicarbonate infusion 5 min before acidosis appears.

Training & Safety Constraints

The LSTM is trained offline on anonymized atasets and re-trained locally using the

digital-twin validator (FIG. 6 element 630);
Deployment is gated by residual errery:<:0.04 RMS, preventing overfitting or model drift.

During runtime, any forecast beyong
autonomous actuation. -

EEPROM hard limits triggers L override rather than

10 Multi-Organ Coordination and
Conflict-Graph Arbitration

Overview

Unlike conventional dialysis machines operating as isolated subsystems, TraceLoop embeds
the renal cartridge as one node in a multi-organ control graph G(V,E) where V = {renal,
endocrine, cardiovascular, hepatic, metabolic}.

Edges E encode inhibitory or synergistic relationships drawn from stored metadata in each
cartridge’s incompatibility list.



Conflict-Graph Algorithm
For every candidate actuation u;j proposed by a cartridge:

1. Construct sub-graph G_active c G of all active cartridges.
2. If (class_codej € incompat_listc) for any k € G_active, then veto uj.

3. Otherwise, compute global cost function:

J=\sum_iw_i (y_i-y_i*)"2 + \sum_{(i,kK)\in E} a_{ik} |y_i - y_K|
and select actuation set U* that minimizes J subject to dose ceilings.

This arbitration ensures that, for example, the insulin micro-dose (endocrine node) cannot
proceed if the K* loop (renal node) predicts hypokalemia, or norepinephrine up-titration cannot
occur while vasopressin loop already holds MAP > 90 mm Hg.

[0083] Safety-State Transitions

The controller transitions among safety states;

State ondition Action

S1 - Normal Il variables within p-bands Continuous adaptive control

Any variable within 5 % of Suspend probe pulses; halve
limit actuation amplitude

Limit exceeded or Freeze all pumps except vital
communication loss overrides; alarm clinician

The firmware records each transition to the immutable audit ledger, ensuring traceability of
every machine-decision node.




11 TraceLedger Compliance Sub-Section

Audit & Regulatory Layer

Each cartridge writes the following fields to the TraceLedger with SHA-256 chaining:

Field Description
cart_id Unique cartridge serial number
event_type dose, sensor_update, state_transition

timestamp S precision

sensor_vector : [K Na*, HCO,, pH, TMP, MAP]

command_vector Corresponding pump/valve setpoints

signature HMAC-SHA256 using cartridge key

Ledger int verified every 60 s; mismatch invokes S3 state and read-only lockout.

This.aug cture satisfies 21 CFR §11 and ISO 13485 traceability requirements.

The above hierarchy allows renal replacement therapy to become one
self-regulating module in a distributed, cloud-auditable ICU control network.
The same arbitration layer used for glycemic, vasopressor, and cytokine
control now extends to ultrafiltration and solute management, ensuring no



single therapy can destabilize another. Each node communicates via
encrypted RS-485 or MQTT over TLS 1.3, updating its share of the system
state every second.

12 Regulatory & IP Position
Cartridge classified FKT/KDI; 510(k) predicate Allient® (K060381). Ti/Sn bead compositions

claimed in provisional filed 07 Oct 2025. All new figures (FIGS 9-14) support CIP claims on
composition, twin-column logic, secure EEPROM protocol and micro-pump control

Patent Landscape Analysis

Prior Art Review

ication: NxStage’s hemofiltration patent allows
ation, sorbent or dialysis and returned to the patient
-&xternal purification module and lacks integrated

1. Hemofiltration systems with waste;
the ultrafiltrate to be purified b
. However, their system use
sorbent layers and micro

thout complex control . Another recent patent describes a cartridge with a
yer, acid zirconium phosphate, sodium zirconium phosphate, and hydrous

ﬁi‘ng . These cartridges regenerate dialysate but do not include integrated
. hemofiltration or micro-pumps.

3. Wearable CRRT devices: Gura’s wearable CRRT system uses miniaturized sorbent
cartridges—activated charcoal, urease, zirconium phosphate, hydrous zirconium oxide
and activated carbon—in series or parallel to regenerate dialysate . Each cartridge can
be individually replaced and may have flexible casing for comfort. The device focuses
on portability but lacks on-cartridge sensors, EEPROM memory or micro-pump
integration.



4. Sensor-verified reinfusion: Baxter’s weight/sensor-controlled sorbent system includes
an ammonia sensor with a hydrophobic membrane and optical detector, pH sensors and
fluid-level capacitance sensors; the system adjusts pump speeds accordingly . Baxter’s
MEMS sensor patent describes multi-analyte sensors measuring pH, conductivity,
temperature and ions . These sensors are integrated into the dialysis machine rather
than the cartridge, and there is no per-cartridge memory or conflict-graph logic.

Potential Overlap and Blocking Claims

The layered sorbent composition (urease, ZrP, HZO) and regenerating dialysate loops are well
known from the REDY and AWAK patents, and the right to use such sorbents may be
constrained. Gura’s patents claim miniaturized sorbent cartridges for wearable CRRT, while
Baxter and Medtronic claim systems with sensor-controlled regeneration loops. The new
sorbent regeneration cartridge described above also includes a urease layer, acid and sodium
ZrP, hydrous zirconium oxide and activated carbon. Therefore, claims directed solely to the
composition or arrangement of sorbent layers may face blocking prior art.

Freedom-to-Operate and Novel Aspects ¢

The present invention differentiates itself fro ‘ in several ways:

1. Integration with low-flow hemofiltratién: None of the examined patents integrate a
hemofilter within the same di ible module as the sorbent stack. The combination of
a low-flow hemofilter (FIG. 19, with an on-chip sorbent stack (FIG. 2) within a single
cartridge is unique.

2. Microfluidic pump as bly: Prior art uses external peristaltic or diaphragm pumps; the
invention incorporates micro-pumps directly in the cartridge (FIG. 3) to meter ultrafiltrate
and congentf? grecisely. This reduces dead space and enables chip-scale

EER QM logic for traceability and capacity tracking: No prior art discloses per-cartridge
ry storing lot ID, capacity and expiry bits. This feature permits automatic
enforcement of single-use cartridges and ensures that sorbent exhaustion cannot lead to
= unsafe reinfusion.

4. Inline sensor suite integrated into the cartridge: While existing devices measure
parameters in the machine or fluid circuit, the invention embeds a urea optic sensor, pH
sensor, conductivity probe and TMP sensor into the cartridge body (FIG. 5). These
sensors directly monitor the quality of regenerated dialysate and the state of the
hemofilter.



5. Conflict-graph safety controller: The system uses a controller that reads sensor data
and EEPROM fields and applies conflict-graph logic to schedule pump operations and
transitions among safe states (S1-S3). This cross-linked control ensures that no
conflicting pump commands occur and that fallback transitions are automatic.

These features provide strong zones of freedom-to-operate, particularly regarding micro-pump
integration, per-cartridge EEPROM logic and conflict-graph control.
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