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Water-Soluble Poly(ethylenimine)-Based Nitric Oxide Donors:
Preparation, Characterization, and Potential Application in
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A novel approach to potentially resolve serious thrombosis issues associated with kidney dialysis (hemodialysis)
therapies is described. New water-soluble polymeric nitric oxide (NO) donors, based on the diazeniumdiolated
branched poly(ethylenimine)s and their derivatives, are prepared and characterized. These macromolecular NO
donors (with up to 4.1xmol/mg of total NO release) are utilized as additives to the dialysate solution of model
dialysis filters. The presence of these species can create a localized increase in NO levels at the high surface area
dialysis fiber/blood interface within the hemodialyzers. Nitric oxide is a naturally occurring and potent anti-
platelet agent and is expected to greatly decrease the risk of thrombosis in the dialysis units.

Introduction Dialysate with
water-soluble
Healthy kidneys perform their life-sustaining function of NO releasing polymer

removing toxic waste products and excess fluid from the body, Red Blood Cell
maintaining a stable balance of body chemicals. When renal ﬂ I no |
failure occurs in end-stage kidney disease patients, dialysis (i.e., P N . |
hemodialysis) must be performed to sustain life. Generally, > _ I
hollow dialysis fibers, the key component of hemodialyzers, ® /J\/—’ o Toxic species
use cellulose or polysulfone membranes in place of the @ I l
phospholipid bilayer membranes in real kidneys to separate the ‘./i\/—) |
components of blood. Such semipermeable membranes, with a 0o Platelet
given molecular weight cutoff (approximately 10 G880 000), ® /l\/—> |
allow small waste molecules to pass through them into a flowing , h —/4 I
recipient solution (dialysate solution) and be removed from the _—~_—>NO
blood. However, due to the highly porous surface structure of @ @ |
the dialysis fibers and their direct contact with blood, systemic ® I ﬁ |
or localized anticoagulation (e.g., with heparin) is usually 1 I
required to reduce the risk of clot formation during such clinical i Blood flow
procedured.The systemic administration of heparin can produce Dialysis fiber wall

hemorrhagic complications in patients at high risk of bleeding, Figure 1. Schematic diagram illustrating the concept of improving
including intracranial hemorrhag€.To reduce these bleeding  the blood compatibility of hemodialyzer fibers via NO release from a
risks, alternative dialysis therapies have been developed thatpolymeric NO releasing agent added to the flowing dialysate solution.

do not require systemic anticoagulation of the patiér@me  sojution. Such polymers should be capable of spontaneously
of the most widely used clinical methods is to locally antico- releasing a controlled level of NO through the porous mem-
agulate the blood within the dialysis system by lowering ionic pranous fibers at the polymer/blood interface. Due to the size
calcium concentration via the continuous addition of citrate to f the molecule, ideally only NO would pass through the fibers,
the blood>® Although this approach reduces the increased risk while the NO donor molecule would remain within the dialysate
of bleeding, it requires continuous reintroduction of calcium ggjution because of its high molecular weight/large hydrody-
into the bloodstream prior to re-entry of the blood into the patient namic volume (see Figure 1). Indeed, NO is a naturally
and hence frequent measurements _of ionized calcium levels arccurring, potent anti-platelet agent produced by endothelial
needed to ensure proper physiological levels. _ cells that line the inner walls of all blood vessels, with a typical
A potentially less risky but more convenient solution to the NO flux from the endothelial layer of (0:54) x 10710
problem of thrombogenicity of the polymeric membranous fiber mgJ.cm2-min—1.7-10 Polymeric coatings that release NO with
surface may now be realized via the addition of a water-soluble sjmilar fluxes have already been shown to greatly decrease the
polymeric nitric oxide (NO) releasing additive to the dialysate isk ofthrombosisin various blood-contacting medical devi¢es.
- ltis envisioned that, with this novel approach to improve the
Av;TOT‘r’]V:TJ”:]isg:;iipg;‘ﬁgﬁfgzzoﬂgnbi %‘(’)‘:reﬁ?e&%g?’l%g‘s_Lé”les'ty blood compatibility of dialysis filters, heparin- and citrate-free
mmeyerho@umich.edu; tel 734-763-5916; fax 734-647-4865. dlaly_S|s therapy may be performed without the concern of either
' Department of Chemistry. clotting or excess bleeding. Moreover, the use of su.ch an NO-
* Pediatric Critical Care Medicine. release dialysis approach would be safe and convenient method
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to efficiently deliver NO to the point-of-care (compared to the Scheme 1. Synthesis of Diazeniumdiolated Branched PEls

use of a high-pressure NO gas cylinder), and only a small Osy

amount of such an additive would need to be stored/used for HW\H Na" 1. 4

each dialysis treatment. Indeed, this scheme would not require y NO (80 psi) 07 \W\y

major modification of the basic hemodialyzer design that is it,3d

currently used in the clinical arena. H(N\/jNHZ m N
N-Diazeniumdiolates are ideal NO donor candidates to realize x i H( VjNHZ

the above concept. Their proton-mediated NO release préperty .

has been widely utilized in developing localized NO delivery LMwPEI

prodrugs for clinical applications (i.e., small molecule diazeni- HMwPEI PEIINO

umdiolated proline as injectable ultrafast NO d&fiéh as well

as NO-releasing hydrophobic polymer coatitig82227 and (1-2) (3-6)

particles as filler material®282%(i.e., NO-releasing cross-linked
PEI microsphere— a water-insoluble particle for modifying  of the sample vessel, and purged from the test solution with a nitrogen
vascular graft®) for biomedical applications. However, no such  sweep gas and bubbler into the CL NOA. To quantify the total amount
NO donors have been reported to date that possess all thre®f NO released, all the measurements were carried outf& @ays
unique characteristics necessary to carry out dialysis therapyin 100 mM phosphate buffer at 3T, with the addition of a diluted
without anticoagulation. These characteristics are (1) polymer- acid at the end of each experiment to completely decompose any
based molecules that do not leach through the dialysis fibers, residual intact NO donors within the polymer structure. Thermogravi-
(2) molecules that are highly water-soluble for convenient use, metric analysis (TGA) was performed on a Perkin-Elmer TGA 7 under
and (3) rapid NO release rates for high efficiency. To this end, nitrogen. The TGAs were heated at a rate of 20/min, and
we designed, synthesized, and investigated three new types oflécomposition temperatures were reported at a 10% weight loss.
branched poly(ethylenimine)- (PEI-) based NO releasing agents Synthesis of Dlazep|umd|olated Branched PEls (36) (Scheme
(utilizing sodium-stabilizedN-diazeniumdiolates). Further, the ~1)- Generally, a solutionfot g of each PEI (low or high molecular
first data from conceptual experiments related to artificial kidney e!9nt.1 or 2) in 20 mL of dry methanol and 60 mL of dry THF was
dialysis (hemodialysis) therapies using such water-soluble prepared and placeq ina hlgh-pressurg reactor (Parr bott!e) W|th.a stir
polymer-based NO donors as dialysate additives are reportedbar‘ After the solution was flushed with argon for 10 min, sodium
herein. methoxide (0.2 or 1 equiv with respect to the total amine sites) in
methanol was added and the reactor was then closed. The Parr bottle
was purged with argon thoroughly to remove residual oxygen and
Experimental Section subsequently charged with Nfat 80 psi. The reaction mixture was
stirred at room temperature for 72 h, and then the NO was vented and
Materials. Water-free low molecular weight branched PEI [LMw-  the reactor was flushed with argon before each product was precipitated
PEI, MW = 800, polydispersity index (PDI¥= 1.3, molar ratio of with dry THF/ether. The solvent was quickly removed by filtration,
primary/secondary/tertiary amirre approximately 1/2/1] and high and the product was washed with dry ether and then vacuum-dried to
molecular weight branched PEI (HMwPEI, M¥# 25 000, PDI= 2.5, yield a light yellow powder §—6) (yield = 49.2%-74.8%). The
molar ratio of primary/secondary/tertiary amireapproximately 1/1.2/ diazeniumdiolated products were stored in sealed vials charged with
0.76) were purchased from Aldrich (Milwaukee, WI). HMwWPEI was ~argon in the freezer for long-term stability. TGA, 10% weight [@gs
pretreated via dialysis against DI water by use of Spectra/Pro 7 RC = 105°C, T;s) = 108°C.
dialysis tubing (MWCO 50 000; Spectrum Laboratories, Rancho Synthesis of Carboxylated PEI (7) and Its NO Adduct (8)
Dominguez, CA) for ca. 1 week. The large molecular weight cutoff (Scheme 2). To a solutionf®d g of HMwPEI (2) in 100 mL of
tubing was used to facilitate the dialysis process, and the remaining chloroform was added a solution of 1.16 g (11.6 mmol, 0.1 equiv) of
high molecular weight fraction of the HMwPEI in the dialysis tubing  succinic anhydride in 50 mL of chloroform and 20 mL of THF. The
was then lyophilized prior to further reactions. Methanol was dried reaction mixture was stirred at room temperature under argon for 6 h,
over 4 A molecular sieves and tetrahydrofuran (THF) was distilled over and a white precipitate was collected by filtration, washed with acetone/
sodium/benzophenone ketyl under nitrogen prior to use.Bpmline ether, and then vacuum-dried to provide 2.3 g (38.0%) of carboxylated
hydroxysuccinimide ester and the sodium salt of poly(acrylic acid) PEI (7). TGA, 10% weight lossI = 200 °C.
(PAANa, MW = 5100) were used as received from Fluka (Ronkonko- To a suspension of 1.1 g @fin 60 mL of dry methanol placed in
ma, NY), and succinic anhydride, sulfanilamide, adgnaphthyl)- a NO reactor under argon flow was added 4.7 mL of NaOMe/MeOH
ethylenediamine dihydrochloride were purchased from Aldrich. 3-(2- solution (4.37 M), followed by the addition of 30 mL of dry THF.
Furoyl)quinoline-2-carboxaldehyde (FQCA) was obtained from Molecular After the general NO loading and workup procedures as described above
Probes (Eugene, OR). Two types of hemodialyzers were used in thefor PEI/NOs, 1.56 g (69.7%) of white powdes)(was obtained. The
dialysis experiments: a Baxter cellulose triacetate hollow fiber dialyzer, diazeniumdiolated product was stored in the freezer as described above.
model CT110G (Baxter Healthcare Corp., Deerfield, IL), and a TGA, 10% weight lossT = 178 °C.
Minifilter Plus hemofilter (Minntech Corp., Minneapolis, MN). Synthesis of Boc:-Proline-Incorporated PEI (9), and the Cor-
Measurements.'H NMR spectra were obtained on a Varian 400 responding Deprotection (10) and NO Addition (11) Products
MHz spectrometer (solvent D,0). FT-IR spectra were collected on  (Scheme 3). Three grams of HMwPEl) (and 3 g ofBoc-L-proline
a Perkin-Elmer spectrum BX FT-IR system. UV absorbance spectra hydroxysuccinimide ester were dissolved in 200 mL of borate buffer
were recorded on a Perkin-Elmer Lambda 35 spectrometer. Fluores-(50 mM, pH 8.4) to form a foggy solution. After the mixture was stirred
cence measurements were conducted with a Shimadzu RF-1501at room temperature for 1 day, the resulting clear solution was dialyzed
spectrofluorometer. All NO measurements were performed with a against DI water by use of dialysis tubing (MWCO 50 000) and then
Sievers-280 chemiluminescence-based nitric oxide analyzer (CL NOA, lyophilized to provide 3.87 g (79.0%) of white powd®) (TGA, 10%
Boulder, CO). The instrument was calibrated before each experimentweight lossT = 233 °C.
by an internal two-point calibration [zero gas and 45 ppmJJOrhe To deprotec®, 20 mL of trifluroacetic acid (TFA) was added slowly
flow rate was set to 200 mL/min with a cell pressure of 5.4 Torr and to a solution of 2.47 g d® in 70 mL of chloroform. A sticky precipitate
an oxygen pressure of 6.0 psi. Nitric oxide released from all the formed during the addition and the stirring was stopped. The reaction
diazeniumdiolated polymers was continuously swept from the headspacemixture was then sonicated for 2 h, and stirring was resumed at r&?ﬂ/
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Scheme 2. Synthesis of Diazeniumdiolated Carboxylated-PEI
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temperature for another 2 h. After removal of solvent in vacuo, the
residual was dissolved in 20 mL of water and neutralized with sodium
bicarbonate solution. The resulting solution was dialyzed against DI
water by use of dialysis tubing (MWCO 50 000) and finally was
lyophilized to quantitatively yield 2.09 g of off-white powdet@).
TGA, 10% weight lossT = 208 °C.

To form the diazeniumdiolate df0, a solution é 1 g of 10in 40
mL of dry methanol and 80 mL of dry THF was first prepared, and 3
mL of NaOMe/MeOH solution (4.37 M) was then added under argon.
The NO reactor was closed and followed by the general NO loading
and workup procedures as described above to provide 1.3 g (61.2%)
of light yellow powder (1). The diazeniumdiolated product was stored
as described previously. TGA, 10% weight loks= 169 °C.

Nitrite-Release Measurements via Griess Assaylwenty mil-
ligrams of each polymer5( 8, or 11) was dissolved in 20 mL of 10
mM deoxygenated NaOH solution (pH 11.4) and placed in a dialysis
tubing with a molecular weight cutoff of 15 000. The NO donor solution
was dialyzed againsl L of 10 mM NaOH with continuous stirring
and nitrogen bubbling at room temperature. At selected time intervals
(i.e., each hour for the fits4 h and every day for 3 days), an aliquot
of the NaOH dialysis solution was collected and neutralized, and the
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concentration of nitrite ion released from the polymer was measured
via the Griess assa&¥.Briefly, 100uL samples were pipetted into a
96-well microtitier plate, neutralized with 0.5 M HCI, and chilled to 4
°C. Then 40uL of a 1:1 mixture & 6 M HCI and 12.5 mM
sulfanilamide was added to each sample. After the samples were chilled
for an additional 10 min at 4C, 20 uL of 12.5 mM N-(naphthyl)-
ethylenediamine dihydrochloride (NEDA) was then added to form an
azo compound whose concentration is directly proportional to the
concentration of nitrite. After 15 min of incubation at room temperature,
the concentration of the azo compound can be determined by its
maximum absorbance at 540 nm as measured via a Labsystems
Multiskan RC 96-well microplate reader.

Dialysis Experiments. A Baxter dialyzer (for adults, surface area
= 1.1 n?) and a Minifilter (for infants, surface area 0.08 n?) were
employed in the model dialysis system as shown in Figure 2. The porous
membranous fibers (blood pathway) within the dialyzers were in contact
with a large volume of dialysate solution flowing continuously in the
dialysate pathway. A stream of basic (high pH) water-soluble polymeric
NO donor stock solution (1 mg/mL, prepared in pH8 buffer) was
infused into a stream of deoxygenated phosphate-buffered saline (PBS,
a dialysate substitute containing 138 mM NaCl and 2.7 mM KCI, pH
7.4) and completely mixed in a 3.6-m mixing loop prior to entering
the dialyzer. The flow of PBS buffer was controlled at the rate of 15
or 33 mL/min, mimicking the rate of the dialysate solution used with
the Baxter dialyzer or Minffilter in clinical treatments. The water-soluble
polymeric NO donor solution was infused at a varying rate in the range
of 0.5-4 mL/min. The NO gas that is generated in the dialysate
solution, which diffuses through the dialysis fiber walls to the blood
pathway, was flushed with a nitrogen flow to a chemiluminescence-
based NO analyzer. After the experiments, the NO levels were plotted
versus time with Excel.

Leaching Experiments.Nitric oxide adduct (HMwPEI/NO5) was
chosen as a representative polymer for leaching studies with a

N, flow
(Blood pathway)

Mixing
Loop

Dialyzer

(Dialysate pathway)

P WSPNOD |_|
il Solution NO/N,
a Dialysate
hl Soluti
olution Chemiluminescence
NO-Analyzer
Figure 2. Schematic diagram of the NO-release dialysis setup

WSPNOD = water-soluble polymeric NO donor).
( poly ) cDV
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Table 1. Yields and Chemiluminescence (CL) Characterization of the NO Addition Products of PEIs and Their Derivatives.

compound NaOMe? (equiv) yield (%) total NO release? (umol/mg)° D (%)
LMwPEI/NO (3) 0.2 49.2 2.71+0.28 18.8
LMwPEI/NO (4) 1.0 74.8 2.76 + 0.06 19.2
HMwPEI/NO (5) 0.2 50.1 3.74 £ 0.41 24.9
HMwPEI/NO (6) 1.0 68.0 3.84 £0.20 26.8
PEI-COONa/NO (8) 13 69.7 2.92 +0.05 245
PEI-PRO/NO (11) 13 61.2 4.15+0.16 32.2

a Sodium methoxide used for NO addition with respect to total amine/carboxylate sites. ? Fresh samples measured in 100 mM phosphate buffer at 37
°C via the CL NOA (with acid addition). ¢ Mean + SD (n > 3). ¢ D = percentage of diazeniumdiolation, based on the total primary and secondary amine
sites; this value obtained herein is primarily contributed from the stable secondary amine diazeniumdiolates, given that primary amine diazeniumdiolates
are very unstable and may have undergone decomposition before NOA measurements.3t

(2)
@)

) :

4 N-N
O-N-N-O | (945 cm)
(i) (1363 cm™)
3.00 2.80 2.60 2.40 2.20 2.00 f 36")0 f 2500 f 2600 ' 16'00 ‘ 1,",00 f
ppm cm-

Figure 3. Typical 'H NMR (solvent = D,0) and FT-IR spectra of HMwPEI (2) and its NO addition product HMWPEI/NO (5).

hemodialyzer. The degree of leaching of any nitrite side products and problems in the future dialysis experiments. All the resulting
the polyamine decomposition products through the membranous fiber NO adducts 3—6), bearing ionic sodium-stabilized diazenium-

to the blood pathway was evaluated via a similar setup as shown in diolate functional groups, maintained their high water solubility
Figure 2. Instead of using a nitrogen flow, a deoxygenated PBS buffer after NO addition. As shown in Table 1, the direct NO addition
solution (10 mM, pH 7.4), maintained at 3T and a fixed volume of  reactions afforded 4975% yields for the final products, with
150 mL, was continuously circulated through the blood pathway ata 4 notably increased yield (see the third column of the table)
rate Qf 12 mL/min, equilibrating with gcountercurrent flow of dialysate when higher amounts of sodium methoxide were used. The
solution (rate= 5.5 mL/min) containing HMWPEI/NO (0.1 mg/mL). i, reaged amount of base did not result in significant increases
An aliquot of the circulated solution from the blood pathway was in the percentage of diazeniumdiolation (see the last column in
collected every hour for 4 h, bubbled with nitrogen for 30 min, and Table 1) for both LMWPEI and HMwPEL. It is likely that, with
then stored at 4C for further testing. The concentration of the nitrite . » . " .
in these solutions was determined by the Griess assay as describe&he increased amount of base’_mOSt. p”"?ary amme sites wil
above. The degree of the polyamine leachables was evaluated by anot_be able to form stable dlaz_enlu_mdlpla%ésNhlle the
fluorescence-based method for primary amine deteéti@miefly, an available number o_f secc_mdar_y amine sites in e_ac_h structure t_hat
aliquot of the sample solution was incubated in darkness at room ¢an form stable diazeniumdiolates may be limited by steric

temperature with a fluorescent precursor (FQCA) in the presence of effects.
KCN for 1 h. The resulting products are fluorescent FQ-polyamines.  The UV—vis absorption spectra of all the diazeniumdiolated
Fluorescence measurements were made with an excitation wavelengttPEls @—6) show the characteristic absorption band for diazen-
of 494 nm, and emission spectra were recorded from 500 to 600 nm jumdiolates at ca. 250 nm as measured in 10 mM deoxygenated
by use of a spectrofluorometer equipped with a 500-nm yellow filter. pPBS buffer at 26C.32 Under the reaction conditions described
in the Experimental Section, no detectalilaitrosamine species
Results and Discussion (with UV absorbance bands in the range of 3360 nn#3) were
found to form within the final polymers. The structural

Synthesis and Characterization of NO-Releasing Poly-  characterization of the representative prod&tiy 'H NMR
mers. Three different types of water-soluble polymeric NO and IR is shown in Figure 3. Upon diazeniumdiolation, a portion
donors, based on diazeniumdiolated branched PEls and theirof the proton signals (a) at 2.4 ppm (methylene groups adjacent
derivatives, were synthesized and characterized (see Schemetw amine site in HMwPEI) are shifted downfield (b) at
1-3 and Table 1). approximately 2.8 ppm, due to the electron-withdrawing effect

Diazeniumdiolation reactions were first directly carried out of the diazeniumdiolate group. The integration of the shifted
on two branched PEI starting materials in the presence of proton signals compared to the total proton integration of
varying amounts of sodium methoxide. LMwPH) vas used compoundb suggests 27% of the theoretical diazeniumdiolation
only for studying the basic NO loading/releasing chemistry of (not considering other side reactions). This agrees well with
its NO adducts, not for dialysis purposes. HMwPE) (vas the 24.9% diazeniumdiolation achieved for the same polymer
predialyzed with a molecular weight cutoff of 50 kDa dialysis as determined via the CL NOA measurements. The formation
tubing in order to remove any low molecular weight fractions of the diazeniumdiolate group was also confirmed by the
of the PEI, and therefore to potentially prevent leaching appearance of two distinct IR bands at 1363 and 9451¢hatCDV
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have been reported to be characteristic for theNo-N—O
asymmetric stretch and in-plane, Nymmetric stretch of the
N.O,~ group, respectively! as well as by the appearance of a
large OH band around 3600 cthat was from the absorbed
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signals of the Boc group at 1=2..3 ppm were used as a probe
to quantify the degree of the Baeproline incorporated within

9. It was found that 11.5% (theoretically 13.6%, based on the
initial feed ratio) of the total amine sites reacted with Bec-

moisture due to the hydroscopic nature of the diazeniumdiolated proline hydroxysuccinimide ester, forming stable amide bonds
polymer. The former two bands decreased with time as the IR (see Figure 3S in the Supporting Information). The appearance

sample of polymeb was kept in an oven at 15TC (nearly
moisture-free condition) until they totally disappeared after 2

of two overlapping &0 bands (amide= 1696 cn1?, Boc =
1667 cnt?) in the IR spectrum confirmed the formation of the

days, indicating the complete loss of all the diazeniumdiolate desired structure (see Figure 4S in the Supporting Information).

groups via thermal dissociation (spectra not shown here).

The band at 1667 cm disappeared after the deprotection

However, such compounds are reasonably stable at roomreaction with TFA. This observation, in combination with the

temperature (i.e., with approximately 8% loss of total NO after
5-day storage under ambient conditions for polyB)eand their

disappearance of the Boc signals in the NMR spectrurhlof
indicates complete Boc deprotection. Diazeniumdiolation of this

thermal dissociation can be eliminated completely by storage polymer (yield= 61.2%) was successful, with stable diazeni-

of diazeniumdiolated polymers in argon or nitrogen und20
°C for extended periods of time. This was proven by a long-
term stability test of the NO donors after a 6-month storage

umdiolates formed on the free secondary amine sites in the
proline ring structure as well as on the free PEI secondary amine
sites. Again, the final polymerl() also shows both character-

period under the above conditions (approximately 3% loss of istic UV absorbance and IR bands of theQ¥~ group (see

NO over 6 months at-20 °C). After this period, the total NO
release from the representative compodndas found to be
3.62 £ 0.35 umol/mg, not statistically different from that
measured with the fresh samples (3%£€.41umol/mg).

To obtain a PEI-based NO donor with a relatively fast NO

Figure 4S in the Supporting Information). It should be noted
that this polymer provides the highest NO release (4ut®l/
mg) among all the polymeric NO donors prepared in this study.
It is very likely that the incorporation of the proline units
converts a number of PEI primary amines, which do not readily

release rate (discussed below), carboxylate sites (as inherentorm stable diazeniumdiolates, into an equivalent amount of
additive sites) were introduced to the polyamine substrate via Secondary amine sites, thereby increasing the number of

the amidation reaction of HMwPER) with succinic anhydride

potential diazeniumdiolation sites.

(0.1 equiv with respect to the total amine sites). The appearance Decomposition and NO Release of Diazeniumdiolated

of two new IR bands at 1653 and 1405 thin the resulting
product ¢) confirms the G=O and C-N stretches of the
incorporated NC(O)CBCH,COO™ moieties (see Figure 2S in
the Supporting Information). Surprisingly, this compound was

Polymers.N-Diazeniumdiolates have been shown to decompose
and release NO by two mechanisms, proton-drii%eand

thermal“ dissociation. In the IR study discussed above, it was
demonstrated that when the diazeniumdiolated polymer (HM-

not soluble in water, nor was it soluble in most organic solvents wPEI/NO) was heated to 15C under moisture-free conditions,

tested, making the selection of NO addition solvents difficult;
however, upon addition of sodium methoxide prior to NO
loading in THF/CHOH, a clear solution was obtained. It is
likely that sodium methoxide breaks the CORH'R; ion pairs

only thermal dissociation occurred. Upon exposure to proton
sources (i.e., PBS buffer) at 3T, both thermal and proton-

driven dissociations can occur. However, given the fact (data
not shown here) that the NO donors studied herein undergo very

that may cross-link the polymer chains and decrease solubility. insignificant decomposition in dry Nat physiological temper-

Final NO addition to7 afforded nearly 70% of a highly water-
soluble product&) with both characteristic UV absorption band
and IR bands of the D, group (see Figure 2S in the
Supporting Information). Although the introduction of carbox-

ature (only thermal dissociation), it is assumed that their
dissociation in deoxygenated buffer solution to release NO is
primarily proton-mediated. Thus, the decomposition of water-
soluble polymeric NO donors to release NO in aqueous solution

ylate sites caused a decrease in the total NO loading of the finalwas carefully investigated in this work under various conditions

polymer @) compared to the direct NO addition produé) (
(2.92 vs 3.84umol/mg), the resulting NO release rate of PEI
COONa/NO was quite different than that of diazeniumdiolated
PEIs without the appended carboxylate groups (see below).

The naturally occurring amino acid-proline) was previously
reported to form ultrafast NO-releasing species (PROLI/NO)
after the diazeniumdiolation reaction. PROLI/NO has a half-
life of less tha 2 s asmeasured under physiological condi-
tions2921 Tethering PROLI/NO onto polymer backbones would
potentially result in a new type of polymeric NO donors with
rapid NO release rates. To achieve this goal, PROLI/NO-
incorporated PEIX1) was prepared by first anchoring Boc-
protectedL-proline onto the HMwPEI Z) structure, followed

(pH, additive, temperature, etc.) by use of UV and chemilumi-
nescence-based NO analyzer (NOA). Such studies revealed the
basic properties of the different donors and would provided
important information for the formulation of such dialysate
additives as well as for the design and optimization of the
dialysis system using the proposed NO-release strategy.

It was found that HMwPEI/NO ) exhibited substantially
different NO release patterns in phosphate buffer at different
concentrations, as shown in Figure 4. A low and sustained level
of NO release was observed frdhwhen measured in 10 mM
PBS buffer, while dramatically faster NO release was found
when measured in a 100 mM phosphate buffer. This effect is
not due to a difference in the ionic strength of the two buffers,

by Boc deprotection to release free proline secondary aminesince adding additional NaCl up to 198 mM to the 10 mM PBS
sites for subsequent NO addition. This reaction was carried outdid not change the rate of NO release observed with this buffer

in a borate buffer, pH 8.4, where Baeproline hydroxysuc-
cinimide ester has its optimal reactivity with PEI amine sites.
Subsequently, the resulting small molectléydroxysuccin-

system. However, upon addition of an acid, the retained NO
was spontaneously and completely released fsom 10 mM
PBS buffer. The pHs of the HMwPEI/NO test solutions made

imide product and the remaining buffer salts, as well as possiblewith 10 mM PBS and 100 mM phosphate buffer (1 mg/mL,

hydrolytic products of Boe-proline hydroxysuccinimide ester,
were completely removed via extensive dialysis, yielding 79%
of Boc-L-proline-incorporated PEBY]. The typical proton NMR

originally pH 7.4) were found to be 9.2 and 7.5, respectively.
This suggests that the basic polyamine structure within the PEI
and any residual sodium methoxide can greatly affect theC[B-IV
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Figure 4. NO release from HMwPEI/NO (5) in phosphate buffers
with various buffer capacities. The NO levels detected were normal-
ized as a value per 1 mg of HMwPEI/NO. The measurements were
performed in deoxygenated buffers at 37 °C via the CL NOA.
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Figure 5. Decomposition kinetic study of diazeniumdiolates within
polymer HMwPEI/NO (5) as measured via UV in 100 mM deoxygen-
ated phosphate buffer (0.1 mg/mL, pH 7.4) at 26 °C; each spectrum
was collected at a 10 min interval. Inset: Plot used to determine a
near-first-order rate constant of kp = 3.9 x 10~°s~1 (each absorbance
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the dissociation kinetics of the representative water-soluble
diazeniumdiolated polymersHMwPEI/NO (5), PE-COONa/

NO (8), and PE+PRO/NO (L1)—but at physiological temper-
ature (37°C). The resulting kinetic data and NO release profiles
of the polymers are compared in Table 2 and shown in Figure
6.

The decomposition of the polymeric NO donors was found
to be temperature-dependent; for example, compdumdas
observed to have a much faster NO release rate 4€C3han
at 26°C, with a rate constant determined to be A0 >s!
and aty, value of 192 min. Interestingly, it was also found that
the dissociation 05 was greatly accelerated in the presence of
the sodium salt of poly(acrylic acid) (PAANa, 1 mg/mL), a
heparin mimic with antithrombin-activating properti&s the
resulting decomposition reaction also follows near-first-order
kinetics but has an even greater rate constant and a much shorter
half-life (ko = 1.6 x 1074 s71, ty» = 72 min) in the presence
of PAANa. Notably, the addition of a low concentration of
PAANa did not affect the pH of the buffer at all, indicating
that this was not a solution pH effect similar to that described
above.

This finding inspired the design and synthesis of a faster NO-
release version of the original PEI material, PEIOONa/NO
(8), that contains pendant carboxylate sites within the same
polymeric structure to speed NO release from the polymer.
Indeed, PEF-FCOONa/NO was found to exhibit much faster NO
release kineticst{, = 59.4 min) than HMwPEI/NO¥%). This
rate is similar to the NO release of HMwPEI/NO in the presence
of the PAANa additive. It is speculated that the carboxylate
sites within PE-COONa/NO serve to promote the decomposi-
tion speed of the surrounding diazeniumdiolate groups to release
NO, similar to the function of the exogenous PAANa additive.
As suggested in Scheme 4, it is likely that, in the aqueous

medium, the carboxylate groups can form more stable-acid
base ion pairs with the neighboring amine sites that are created
of a buffer solution with a relatively weak buffer capacity; &fter the NO release reaction, thereby forcing the equilibrium
therefore, this affects the NO release rate from the diazenium-toward the decomposition of the inter/intramolecular diazeni-
diolates within such a buffer, which is a highly pH-dependent Umdiolate groups and speeding NO release. It is also possible
process? Indeed, this pH effect can be applied as the principle that substitution of carboxyl sites for amines on the polymer
of NO release at the site of application (dialysis fibers) for the could decrease any stabilizing interaction between the pendant
new NO-release dialysis system. The water-soluble polymeric diazeniumdiolates and adjacent amines and/or the presence of
NO donor is initially dissolved in a high-pH buffer where its he adjacent amines could contribute to stabilization by increas-

NO release should be greatly inhibited; however, dramatic NO N9 the local pH near the diazeniumdiolate species. The latter
release is stimulated spontaneously once this donor solution!S @ more likely alternate to the mechanism suggested in Scheme
merges with a large amount of lower pH dialysate fluid in the 4: however, even the carboxylated PEIOONa/NO donors

mixing loop/dialyzer, creating a localized increase in NO level have a considerable amount of unmodified tertiary amine sites

at the high surface area dialysis fiber/blood interface within the in the vicinity of the diazeniumdiolate groups, and hence one
dialysis filters. would think that these stronger base sites would likely dictate

The decomposition kinetics o6 was studied via UV~ any microenvironmental pH effects that would control NO

spectroscopy by monitoring the decrease of absorbance at o5delease rates. In the case of increased rates pf NO relgase when
nm with time (see Figure 5). It was found that the decomposition PAANa is added separately to the test solution containing the
of 5 at the physiological pH (7.4) at room temperature exhibits PEI/NO species, it is possible that the PAANa complexes with
near-first-order behavior (plot of log [diazeniumdiolate] vs time  the positively charged PEI/NO (owing to the excess primary
yielded a straight line) with a rate constant of %9105 s and tertiary amine sites still present on such polymers), and
and a half-life of 5.0 h (300 min; see Figure 5 inset). This this interaction provides a local pH microenvironment from
value indicates that HMwWPEI/NGB) has a dramatically faster residual protons on the PAANa structure that increase the rate
NO release rate than the previously reported NO-releasing crossOf reaction. .Sorting these various possibilities out will require
linked PEI microsphere (PEIX/NO) with a calculated half-life ~further studies.
of 66.2 h under the same conditiotfsThe previous water- Among the three water-soluble PEIl-based NO releasing
insoluble PEIX/NO was actually developed as a filler material materials, diazeniumdiolatedproline-incorporated PEI1{)
for vascular grafts, which requires minimal leaching (maximal was found to be the most efficient NO donor (fastest and largest
water insolubility) and slow NO release rate for long-term amount of total NO release, as shown in Figure 6) with a half-
applications. life of only 48 min (37°C, pH 7.4). The decomposition of this
Chemiluminescence-based NOA was also employed to studycandidate polymer was extensively studied at two other t&BV

datum was collected at 4 = 250 nm with an interval of 15 s).
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Scheme 4. Proposed Mechanism by Which Use of Carboxylate Site Speeds NO Release
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Table 2. Decomposition Parameters of the Water-Soluble Diazeniumdiolated Polymers

compound agueous media ko (x1075s1) tp?P (min)
HMwPEI/NO (5) 100 mM phosphate buffer 6.0 192.0+1.7
HMwPEI/NO (5) PAANa solution® 16.1 72.0+ 3.0
PEI-COONa/NO (8) 100 mM phosphate buffer 19.4 59.4 + 0.8
PEI-PRO/NO (11) 100 mM phosphate buffer 24.1 48.0+ 2.5

a2 Measured at 37 °C via the CL NOA. » Mean + SD (n = 3). ¢ Sodium salt of poly(acrylic acid) (1 mg/mL) in 100 mM phosphate buffer (pH 7.4).
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Figure 6. NO release from HMwPEI/NO (5), PEI-COONa/NO (8)
and PEI-PRO/NO (11) as measured in deoxygenated phosphate
buffer (pH 7.4, 100 mM) at 37 °C via the CL NOA. Inset: Total NO
release of the three compounds. All the NO amounts detected were
normalized as a value per 1 mg of donor.

peratures (26 and 4%C) and the half-lives were found to be
151.8 and 24.2 min, respectively, showing the expected strong
temperature-dependent NO-release kinetics. This information
is helpful for the future design of the NO-release dialysis system.
The efficient NO-release feature &fl is mostly attributed to
the covalently linked proline units within the PEI structure,
which are loaded with NO. The diazeniumdiolated free proline
(PROLI/NO) is the fastest NO donor reported to dtie should

be noted that two types of diazeniumdiolate groups may exist
within polymer11: one on the proline amine sites (faster NO
release) and the other on the PEI amine sites (slower NO
release). Both ultimately contribute to the overall NO release
rate of the compound. However, the NO release rate ofPEI
PRO/NO (1) is substantially slower than that of its corre-
sponding small-molecule NO adduct PROLI/N@4= 48 min

vs 2 s, at 37°C). It is likely that these significantly different
half-lives can be attributed to the structural difference between

primary amine groups are much less stable with respect to
yielding NO release moieti€’d, Miranda and co-worke?$
reported that diazeniumdiolation of primary amines can, in some
instances, produce adducts that release nitroxyl (HNO). To test
whether polymel5 produced any measurable levels of HNO,
along with NO, a fluorescence assay of total NO/HNO was
employed®3® and results were compared to total NO-only
release, as measured by chemiluminescence. A pH 6.4 phosphate
buffer was used for these measurements, to speed the NO/HNO
release reactions. Aftel h of reaction at 37C, the total NO/
HNO measured by fluorescence was 6.5% greater than the moles
of NO detected by chemiluminescence. This suggests that some
small amount of HNO may, in fact, be released from polymer
5, but the level is much less than the total NO species that is
produced by this new water-soluble polymeric NO donor agent.
NO Release Studies for Potential Hemodialysis in a Static
Setting. To demonstrate that dramatically increased NO release
can be created spontaneously upon mixing of a basic water-
soluble polymeric NO donor stock solution and a dialysate fluid
(pH 7.4) at a given volume ratio, static mixing experiments were
designed and conducted. Different factors that could influence
the amount of NO release were also investigated. As expected,
NO release was inhibited as each NO donor was kept in a high-
pH buffer solution (Figure 7). The initial levels of NO detected
from 100 uL of the NO donor stock solutions were highly
dependent on the stability (half-life) of the water-soluble
polymeric NO donors; for example, 18 ppb for HMwWPEI/NO
but 72 ppb for PEFPRO/NO. Upon addition of 3300L of
buffer (10 mM PBS or 100 mM phosphate buffer, pH 7.4), a
significantly increased level of NO (up to 2800 ppb, at°€j)
was observed. This experiment proves that the potent NO release
potential of all the polymeric donors can be retained until they
are merged with a stream of lower pH dialysate solution
immediately prior to entering the hemodialysis filter.

the two species. Indeed, the PEI-based water-soluble polymeric The addition of a low dose of PAANa to the solution phase
NO donors contain a considerable amount of tertiary amines (30#g/mL, 5100 MW PAANa used herein only to demonstrate
within the polymer structures, which cannot form diazenium- the effect but not for dialysis purposes) was found to effectively
diolates but may increase the microenvironment basicity, thereby@nhance the NO release level for all the polymeric donors (see
enhancing the stability of the adjacent diazeniumdiolate groups. Figure 7). The effect was most significant in the case of
The development of new NO donors based on p0|ymer HMWPE'/NO, where addition of PAANa enhanced NO release
structures |acking tertiary amines is one possib|e approach toby a factor of 2.5-fold for both buffers tested. Such an additive
obtain faster versions of water-soluble polymeric NO donors effect was also observed for PECOONa/NO and PEtPRO/
for wider applications. Efforts to prepare such water-soluble NO NO (up to 20% and 40% increase in NO level, respectively)
donors by incorporating PROLI/NO onto high molecular weight though not as significant as for HMWPEI/NO. Furthermore, as
poly(allylamine) backbone or linking mono-diazeniumdiolated Shown in Figure 7, increasing the temperature plays an important
piperazine onto carboxylmethyl cellulose structure are currently role in generating higher levels of NO.
in progress in this laboratory. NO Release Studies with Hemodialysis Filters in a Flowing
It should be noted that the PEI materials used to create someSystem.Finally, a commercial Baxter hemodialysis dialyzer (for
of the water-soluble polymeric NO donors contain considerable adults, surface area 1.1 n¥) and a Minntech minifilter (for
levels of primary amines. Although diazeniumdiolates of infants, surface arez 0.08 n?) were employed in a rowin%DV
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) 37°C 37°C (5), 1 mg/mL in phosphate buffer (pH 8) at a rate of 1—4 mL/min;
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1000 A
A . . . .
500 | ? 26°C| | 26°cl4  [|26°C adjusted to achieve maximal/optimal NO fluxes at the mem-
branous fiber/blood interface within the dialysis filters.
0 Figure 8 demonstrates that steady interfacial NO fluxes (up
0 — to 0.03x 107 mol-cm~2-min~1) can be generated and diffuse
20 min through the fiber walls of the Baxter dialyzer when HMwPEI/
Figure 7. Proton-stimulated spontaneous NO releases as measured NO is used as the dialysate additive. Such NO levels can be
at 26 and 37 °C via the CL NOA by mixing a 100 «L solution of PEI/ : : : s
NO (1), PEI-COONa/NO (l1), or PEI-PRO/NO (Ill) (A = addition of contrpl]ed byt5|mfptlr)]/ vaNrélndg the e>t<pe|£|me|nifal Conﬂ't'oni' Slt’.Ch
an NO donor solution, 1 mg/mL in phosphate buffer, pH 8.0) with as mixing rate or the onor stock solu 'Or? and pre _ea |n_g
3300 L of 10 mM PBS or 100 mM phosphate buffer (pH 7.4) in the temperature. It should be noted that, during the dialysis
presence and absence of PAANa additive (30 ug/mL). experiments, some water/buffer droplets were observed to

diffuse through the dialysis fiber walls to the “blood side” (gas
system, as shown in Figure 2, to demonstrate the concept ofPhase) due to permeation equilibria between two phases. Such

NO release for hemodialysis. Porous membranous fibers housedliScontinuous droplets containing dissolved NO gas can cause
within the dialysis filters were continuously perfused with a spikes that are superimposed onto the stable NO fluxes generated

large volume of flowing dialysate solution at a rate of 33 mL/ E/IY 9?5 r(]jiffgs_ileP only (sh(_i_vr\]/n in b.?(th BaxteJ _ditahlyzde_][f andt
min (for the Baxter dialyzer) or 15 mL/min (for the Minntech Inntech miniiter _c_ases). €se SpIkes varied in the differen

- S . experimental conditions as well as when dialysis filters made
minifilter). In real clinical treatments, the blood that is removed

from the patient’s vein is pumped through these fibers in a of different fibers were used.

countercurrent flow against the dialysate solution. The noncir- The NO fluxes through the walls of the dialysis fibers can
9 Y ) be greatly enhanced (by up to 2.5-fold) via the addition of

cuIaFing dialysate solution is "?"Ways rgmoved as waste. The PAANa to the dialysate solution at a low dose of 30 mg/L (data
semipermeable membranous fibers, which are typicaltyD ¢ shown here). Although, for safety considerations, high
um thick, have a large surface area, with pores that have desiredy,qgjecular weight PAANa can be used to prevent possible
molecular weight cutoffs. Generally, molecules with a molecular leaching into the blood side, it is noteworthy that PAANa has
weight less than 5000 pass through the membranous fibers fairlypeen reported to possess equivalent/near-equivalent anticoagu-
easily. In this manner, toxic small-molecule wastes, such as ureajation activity as low-affinity heparin and other polysaccharide
can be removed from the body via the two-phase dynamic species5:36

equilibrium. In these preliminary experiments, a stream of basic  |n a second experimental setup with the Minntech minifilter
water-soluble polymeric NO donor solution (1 mg/mL) was (with 7% fiber surface area of the Baxter filter), steady-state
merged with a stream of PBS buffer (a dialysate substitute, pH NO interface fluxes (see Figure 9) were greatly increased by
7.4) within a mixing loop prior to entering the dialyzer. The approximately 20-fold when HMwPEI/NO solution was mixed
length and preheating temperature of the mixing loop can be at a rate of 1 mL/min at 26C, compared to the same infusi%bv
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NO donors b, 8, and11) was measured by the Griess as8ay
(see Figure 5S in the Supporting Information). Such nitrite
measurements were conducted in basic and oxygen-free condi-
tions where no (or minimal) NO release and subsequent
} oxidation can occur, as NO could be oxidized to nitrite, yielding
1 mL/mi false values for the inherent nitrite levels in the polymeric NO
min . .
donor preparations. It was found that the three polymeric
l compounds have total nitrite release potentials5)f1(00 +
0.02, @ 0.67 + 0.02, and (1) 0.58 + 0.03 umol/mg,
: : : : respectively. These values are very small compared to the total
40 60 NO release values of the polymers (see Table 1). At the 4-h
Time (min) point, each milligram of the compound can release an ac-
cumulated amount of nitrite of 0.7# 0.02, 0.21+ 0.01, and
'| r
1 mL/min

0.11+ 0.01umol, respectively. In a 4-h dialysis leaching test
i
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(=3
N
!

o

17 PEI-PRO/NO (11)

=26 °C experiment withb, approximately 120 mg of NO donor was
initially used with 1.32 L of dialysate solution, which should
make the final nitrite concentration in the dialysate solution 70
uM [(0.77 umol/mg x 120 mg)/1.32 L] at the end of the
dialysis. In fact, on the blood side, the actual nitrite concentration
in 150 mL of “blood” (deoxygenated PBS solution) at the end
of the 4-h dialysis was found to be ca. ZM, only 14% of the
theoretical/possible leachable value. In the real NO-release
hemodialysis experiment with the same setup, the nitrite
concentration may be higher due to the oxidation reaction of
the released NO with the oxygen in the blood. Actually, nitrite
ion is NO’s primary oxidation product at physiological pH and
a normal constituent present in abundance in human physi-
ological fluids (between 0.5 and 2M in the plasma of healthy
human individua®4). Indeed, recently, a growing body of
evidence suggests that the nitrite anion may represent the largest
intravascular and tissue storage form of K.

The potential leaching of the polyamines, hydrolytic products
of the water-soluble polymeric NO donors through the dialysis
fiber into the blood side, was also examined. It should be noted
that in vitro testing conducted by the dialyzer manufacturer has
already proved that macromolecules with small sieving coef-
ficients (i.e., 0.030 for albumin, MW 65 000) have much less

) ; . chance of leaching than small molecules (i.e., 0.99 for urea,
endothelial cells. The interfacial NO release levels as well as 9 (

the NO release efficiency can be enhanced even further throughm\év dzleg;.ténazgi![‘is\%sﬁgxezggnirg (\)/\;Ithoﬁg/m/iisllg l\écfr)](aﬁes on
optimization of the dialysis setup/experiment conditions (i.e., y : P poly:

. i ) . i h the blood side (10 mM PBS buffer, pH 7.4) was measured at
fine-tuning of dialysate solution pH, increasing length and . . - A
temperature of the mixing loop, etc.). Indeed, this latter intervals of 60 min fo 4 h (targeted dialysis time). After
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Figure 9. Interfacial NO fluxes generated across the dialysis
membranous fibers within a Minntech minifilter at room temperature
as measured via the CL NOA. HMwPEI/NO (5) and PEI-PRO/NO
(11), 1 mg/mL in phosphate buffer (pH 8) at a rate of 0.5—1 mL/min;
dialysate solution, PBS buffer (pH 7.4) at a controlled rate of 15 mL/
min.

conditions with the Baxter filter (see Figure 8) (NO fluxes: 0.2
x 10710 vs 0.01 x 10719 mol-cm~2min~1). Moreover, in
combining the most efficient candidate PERRO/NO with this
dialysis setup, even higher NO fluxes can be obtained (up to
0.5 x 10719 mol-cm~2-min~1), within the range of the physi-
ological NO flux level [(0.5-4) x 10719 mol-cm2-min~1]7 from

L . treatments with FQCA, the fluorescence intensities of the PBS
combination was chosen as the primary proof-of-concept buffer at the selected intervals were found to be nearly the same
as the control (blank PBS), indicating no evidence of detectable
polymer leaching through the dialysis fiber walls.

candidate for ongoing in vivo animal studies of the NO-release
dialysis experiments at the University of Michigan Medical
School.

It should be noted that the basic concept of releasing NO
through the walls of the dialysis fibers used in hemodialyzers
would not pose a risk of systematically decreasing the blood
pressure of individuals who would potentially undergo dialysis

Conclusions

Three different water-soluble poly(ethylenimine)-based NO

by such an approach. Indeed, the low flux of NO that comes releasing agents were designed, synthesized, and characterized
through the fibers from the dialysate solution (ideally equal to for potential use as NO release agents in hemodialysis systems.
the normal fluxes that come from the endothelial cells that line |t has been shown that water-soluble polymers with up to 4.15
the walls of all blood vessels) would immediately react with umol/mg total NO release potential can be prepared and the
the large excess of hemoglobin in the blood. Hence, no free rates of NO release can be modulated by the specific structure
NO would exist to exert vasodilation effects downstream in the of the polymer, as well as experimental factors such as pH,
patient's body after the blood passes through the dialysis unit. temperature, and use of exogenous additives [e.g., the sodium
Leaching Studies.In addition to the desiretl-diazenium- salt of poly(acrylic acid)]. When used as NO-generating reagents
diolate moieties, a given amount of nitrite species also form in the dialysate fluid of commercial hemodialysis units, the new
within the NO adduct structures during synthesis and were found diazeniumdiolated polymers were found to provide steady and
to be released into the surrounding bathing solutfoiurther controllable NO interfacial fluxes through the fibers of such
diffusing through the membranous fibers to the blood side of devices. Use of the most efficient NO donor candidate,PEl
the dialyzer. The initial nitrite (a minor side product during NO PRO/NO, provides physiological levels of NO flux (051010
addition and following workup) released with time from three mol-cm™2-min~1) at the membranous fiber/blood interfagi‘jv
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within the dialyzer. Thus, improved blood compatibility of

dialysis fibers in the absence of other anticoagulants (i.e., heparin
or citrate) during the dialysis treatment may be possible without

concern of either clotting or excess bleeding. Although no

significant evidence was found that the new PEI-based polymers

Zhou et al.

(14) zZhang, H. P.; Annich, G. M.; Miskulin, J.; Osterholzer, K.; Merz, S.
I.; Bartlett, R. H.; Meyerhoff, M. EBiomaterials2002 23, 1485-
494.
(15) Zhang, H. P.; Annich, G. M.; Miskulin, J.; Stankiewicz, K.;
Osterholzer, K.; Merz, S. |.; Bartlett, R. H.; Meyerhoff, M. E.
Am. Chem. So003 125 5015-5024.

cross the dialysis fiber walls to the blood side, increasing the (16) Frost, M. C.; Rudich, S. M.; Zhang, H. P.; Maraschio, M. A;

molecular weight of the NO donors would further ensure safe

dialysis with the proposed method. At the same time, additional

Meyerhoff, M. E.Anal. Chem2003 75, 1037-1037.
(17) Frost, M. C.; Reynolds, M. M.; Meyerhoff, M. Biomaterials2005
26, 1685-1693.

research is required to develop water-soluble polymeric NO (1g) Reynolds, M. M.; Frost, M. C.: Meyerhoff, M. Eree Radical Biol.

donors with even faster release kinetics. Indeed, at present, given

the short residence time of the water-soluble polymeric NO
donors in the dialysis unit (minutes), a substantial fraction of

the loaded NO is never used to potentially reduce thrombosis.

Hence, creating macromolecular NO donors wiihivalues on
the order of 25 min would provide the ideal polymers for the

dialysis application. Nevertheless, until such new polymers can
be prepared, the water-soluble polymeric NO donors described
here are being examined in animal experiments to further assess

this NO-release dialysis concept in terms of blood compatibility
of dialysis fibers and any toxicity issues associated with the
use of such polymeric NO donors in dialysis therapies.
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FT-IR spectra of representative HMwPE) (carboxylated PEI
(7) and its NO addition product8f, and Boct-proline-
incorporated PEI9) and the corresponding deprotectidrO)
and NO addition11) products; and accumulated nitrite release
from HMwPEI/NO (), PEI-COONa/NO 8), and PE+PRO/
NO (11) under the basic and oxygen-free conditions at room

temperature as measured via the Griess assay. This material is
available free of charge via the Internet at http://pubs.acs.org.
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