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Physically cross-linked novel block copolymer hydrogels with tunable hydrophilic properties for biomedical
applications were synthesized by controlled radical polymerization of polyurethane macroiniferter and (2,2-dimethyl-
1,3-dioxolane) methyl methacrylate. The block copolymers were converted to hydrogels by the selective hydrolysis
of poly[(2,2-dimethyl-1,3-dioxolane) methyl methacrylate] block to poly(glycerol methacrylate). The block
copolymerization has been monitored by monomer conversion and molecular weight increase as a function of
time. It was observed that the polymerization proceeded with a characteristic “living” behavior where both monomer
conversion and molecular weight increased linearly, with increasing reaction time. The resulting hydrogels were
investigated for their equilibrium water content (EWC), dynamic water contact angles, swelling kinetics,
thermodynamic interaction parameters, plasma protein adsorption, and platelet adhesion. Similar to our previous
mechanically responsive hydrogels (Mequanint, K.; Sheardowd, Biomater. Sci. Polym. EQ005 10, 1303-

1318), the present results indicated that block copolymer hydrogels have excellent hydrophilicity and swelling
behavior with improved modulus of elasticity. The equilibrium swelling was affected by the hydrolysis time,
block length of poly(glycerol methacrylate), temperature, and the presence of soluble salts. Fibrinogen adsorption
and platelet adhesion were significantly lower for the hydrogels than for the control polyurethane, whereas albumin
adsorption increased for the hydrogels in proportion to the contents of poly(glycerol methacrylate). These hydrogels
have potential in a number of biomedical applications such as drug delivery and scaffolds for tissue engineering.

Introduction disadvantage as the resulting device cannot be reshaped or
resized since the polymer is no longer soluble in solvents and
The ability of polymers to undergo substantial swelling when heating to melt-process can only degrade the polymer once
exposed to an aqueous environment constitutes the genericross-linking took place. Clearly, it would be desirable to design
definition of hydrogels. Such swelling, which accompanies a linear hydrogel biomaterials that cannot be dissolved in water
change in volume of the material, can further be induced by but can be processed using organic solvents. Such hydrogels
temperature, pH, ionic strength, and pressurbe biomedical are beneficial for ease of fabrication and postprocess modifica-
applications of hydrogels (the ability to release drugs in a tions. A linear water-swellable polymer that can be dissolved
sustained manner, the high permeability to allow metabolic in organic solvents is easy to fabricate into any size and shape
products to be removed, the slippery effect that reduces frictional as well as allows melting and extrusion techniques to be used
irritation to the surrounding tissues and low interfacial tension for device manufacturing.
with body fluids that can reduce the tendency of proteins to be  Recently, there has been interest in linear hydrogels for
adsorbed, and their ability to be fabricated into a large number biomedical applications. The work done by Li and co-workers
of shapes) is linked to their swelling ability. Because of these on the synthesis of triblock PLAlockPEOblockPLA co-
properties, hydrogels find valuable applications for suture and polymer hydrogels by ring opening polymerization for protein
catheter coatings, contact lenses, drug delivery vehicles, scaf-drug delivery application is an example of this interest. a
folds for tissue engineering, and artificial organs. series of papers, Huglin and co-workers synthesized physically
Because linear hydrogels tend to dissolve rather than swell cross-linked hydrogels based on random copolymebéahyl-
in water and possess poor mechanical properties, most hydrogel®-pyrolidone and methyl methacrylgteOther physically cross-
are cross-linked using multifunctional cross-linkér€ross- linked random copolymer hydrogels have also been reported
linking is often done in the synthesis stage, and this has aby Devine ¢ and Murator€. Since the major limitation of
hydrogels for biomedical applications is their poor mechanical
*To whom correspondence should be addressed. E-mail: Properties, our previous publication demonstrated the incorpora-
kmequani@eng.uwo.ca. Tel:1 (519) 661-2111 ext. 88573. Fax:1 (519) tion of urethane functionality into a hydrophilic polymer to
661-3498. ‘ _ ‘ o o improve the mechanical properties of an otherwise weak
W;S?;%ag:]”tgﬂgo‘c Chemical and Biochemical Engineering, University of - hydrogel systerfin a different approach Petrini and co-workers
* Graduate Prbgram in Biomedical Engineering, University of Western reported a se_rles of linear polyurethane hy_drogels _b_as_ed on poly-
Ontario. (ethylene oxide) soft segment that had high equilibrium water
8 University of Cape Town. content (ca>100%)? Since the water content of most tissues
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Scheme 1. Syntheses of (a) 1,1,2,2-Tetraphenyl-1,2-ethanediol (TPED) |
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is well below this value, the design of linear hydrogel bioma-
terials that mimic the water content of natural tissues-(20%)

is required. The lower water content of hydrogels also improves
their mechanical properties, one of the challenges in designing
swellable polymers?

Recent advances made in controlled polymerization tech-
nigues allowed the design of tailored biomaterials with desired
composition and chain length5One of the controlled polym-
erization techniques that could employ polyurethanes is the
macroiniferter methoé?13 The term iniferter is a combination
of initiator, transfer agent and terminator and is used to describe
a group of compounds which thermally or photochemically
initiate the polymerization of vinyl monomers, reversibly convert
the growing polymers into dormant ones, and eventually
participate in the termination of the growing chalisA
macroiniferter is therefore a polymeric iniferter. In this method,

in the presence of glacial acetic acid (0.005 mol; 0.03 g) were mixed.
The mixture was assembled in a 500 mL round-bottom flask and
exposed to 365 nm UV light (model BLOOAP from UVP Inc., Upland,
CA). TPED precipitated as it was formed. The precipitated product
was purified by re-crystallization from acetic acid and stored &4
until used (Scheme 1a).

Synthesis of (2,2-Dimethyl-1,3-dioxolane) Methyl Methacrylate.
(2,2-Dimethyl-1,3-dioxolane) methyl methacrylate, commonly and
hereafter called solketal methacrylate (SMA), was synthesized from
2,2-dimethyl-1,3-dioxolane-4-methanol (commonly called solketal) and
methacryloyl chloridé# Solketal (0.5 mol, 66 g), triethylamine (0.5
mol), and 200 mL of THF were added to a 500 mL round-bottom
reaction flask, and the flask was purged with nitrogen and sealed.
Methacryloyl chloride (0.6 mol, 62.4 g) was injected into the flask
using a hypodermic needle, via a rubber septum, while the temperature
was kept at £C in an ice bath. The mixture was stirred using a stir
bar for 10 h after which the temperature was slowly raised to room

tailored polyurethane block copolymer hydrogels with the oy erature and stirred for a further 10 h under nitrogen atmosphere.
required hydrophobic/hydrophilic block lengths can be poten- the reaction product was filtered to remove the triethylamine hydro-
tially synthesized thus allowing desired properties to be custom- chioride salt, which was already precipitated. The solution was washed
ized. However, polyurethane (PU) block copolymer hydrogel with saturated sodium chioride and dried with anhydrous sodium
biomaterials made by the macroiniferter technique have not beencarbonate (Scheme 1b). SMA (85 g, 66% yield) obtained as a colorless
reported so far. liquid was passed through an inhibitor-removing coluri.NMR

In this paper, we report the synthesis, swelling behavior, and (chloroform-d): § 6.11 ppm (s, 1H, &CH trans), 5.62 ppm (s, 1H,
biocompatibility of novel linear polyurethart@eck-poly(glyc- C=CH cis), 3.7+4.52 ppm (m, 5H, G-CH,CHCH,), 1.96 ppm
erol methacrylate) hydrogels based on polytetramethylene oxide(s, 3H,=C—CHs), 1.38-1.45 ppm (d, 6H,—C(CHs).).
(PTMO, M, = 2000) and (2,2-dimethyl-1,3-dioxolane) methyl Synthesis of Segmented Polyurethane Macroiniferter (PUMI).
methacrylate. A 1-L glass reactor equipped with heating element, a mechanical stirrer,
a charging and sampling port, and a nitrogen inlet and outlet was
charged with PTMO 2000 (50% solution in THF) and MDI in 1:2 molar
ratio. The reaction took place at 6& over 2.5 h. After 2.5 h, the
temperature was reduced to 35, and stoichiometric amounts of TPED
and 0.2% DBTL (based on the isocyanate content) were added and
allowed to react with the isocyanate ICO) for 12 h. Progress and
completion of the reaction were monitored by measuring the dis-
appearance of the isocyanate peak by means of FTIR at 2265 cm
The PUMI was then precipitated in a watgnethanol mixture (1:1
vlv), washed twice in distilled water, and dried in a vacuum oven at
30°C.

Experimental Section

Chemicals. All chemicals were purchased from Sigma-Aldrich
(Milwaukee, WI). Tetrahydrofuran (THF) and dimethylformamide
(DMF) were distilled at a reduced pressure of 26 KPa and the middle
fraction was stored at 4C until used. Polytetramethylene oxide (PTMO,
My, = 2000) was dried at 98C and reduced pressure until it was bubble
free. 4,4-Diphenylmethane diisocyanate (MDI) was purified by hot
filtration, whereas triethylamine, 2,2-dimethyl-1,3-dioxolane-4 methanol

(commonly, and hereafter called solketal), methacryloyl chloride,
dibutyltindilaurate (DBTL), 2-propanol, glacial acetic acid, and ben-

Synthesis of PUblock-PSMA Polymers.PUMI (5 g; 25% in DMF)
and SMA (6.5 g) were charged in a 250 mL round-bottom reaction

zophenone were used as received. All other precipitating solvents wereflask equipped with a magnetic stirrer and heater. Nitrogen was bubbled

also used as received.
Synthesis of 1,1,2,2-Tetraphenyl-1,2-ethanediol (TPED) Iniferter.
Benzophenone (0.1 mol; 18.2 g) and 5-fold molar excess 2-propanol

through the reactor to remove dissolved oxygen, and the contents were
sealed. The flask was then heated te-85 °C to initiate the reaction
and obtain PW-PSMA polymers. For a given polymerization ter&-DV
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Scheme 2. Syntheses of PUMI, PU-b-PSMA and the Corresponding PU-b-PGMA Xerogels by Selective Hydrolysis
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perature, samples were withdrawn at intervals of 4 h, quenched in ice- polyurethaneslock-poly(glycerol methacrylate) with 15 wt % of poly-
cold water to terminate the reaction, and precipitated in cold methanol (glycerol methacrylate). PB-PGMAOQ was used as a control.

(4 °C) before molecular weight and conversion measurements. Characterization Methods. Spectroscopic AnalyseBTIR spectra
To convert the PU-PSMA to swellable PUs-PGMA xerogels by were recorded by using Bruker Vector 22 spectrophotometerttdnd
selective hydrolysis, specimens were dissolved in TH& @&iN HCI NMR analysis was performed by Bruker AV-500 operating at 500 MHz.

(8/1 m/m ratio) followed by stirring at room temperature. Samples were  Molecular Weight DeterminatiorGel permeation chromatography
taken every 30 min (to a maximum time of 4 h) and purified by dialysis (GPC) equipped with ELSD (PL 1000), UV detector (Water 486), pump
against methanol, precipitated in diethyl ether, and dried in a vacuum (Waters 515), and styragel columns (3 in series of pores siZd§ 10
oven at 60°C. To ensure the selective hydrolysis of PSMA, a control  10*A, 10°A) was used to determine the molecular weight increase with
PUMI sample was subjected to the same hydrolysis experiment, andreaction time for the block copolymers at a flow rate of 1 mL/min and
molecular weight determination before and after hydrolysis gave the THF as a mobile phase. Calibration was done by polystyrene standards.

same value. Completion of PSMA hydrolysis was confirmed by NMR. Equilibrium Water Content and Swelling Kinetics Determination.
The reaction paths for the synthesis of the block copolymer xerogels Xerogel samples of 5 mm diameter disks were cut from cast films,
are shown in Scheme 2. dried at 75°C in a vacuum oven, and weighed. The samples were then

PU--PSMA polymers were synthesized with different amounts of swollen in distilled water and phosphate buffered saline (PBS) at
SMA. Sample nomenclature is as follows: PKRSMAL5 means a temperatures of 20, 25, 30, and 32 for 72 h after which samples
polyurethaneslock-poly(solketal methacrylate) with 15 wt % of poly- ~ were removed and blotted lightly with filter paper to remove excess
(solketal methacrylate) content. Similarly RPGMA15 means a water. The weight of the hydrated samples was then determinedCB\e/
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percent equilibrium water content (EWC) of the hydrogels was _p
calculated based én M= U_e (6)
EWC=— x 100 Q) whereG is the shear modulusi is the effective cross-link density,
Wi ®, is the polymer volume fractiorR is the universal gas constant,
) ) ) ) Tis the temperature, is xerogel density (calculated from xerogel mass
whereWh is the weight of the hydrated sample angis the dry weight and geometric volume), arid. is the molecular weight between cross-

of the sample. For each specimen, four independent measurements wergnyg.
determined and averaged. The polymer volume fractida, at

S, ) Protein AdsorptionQuantitative single protein adsorption experi-
equilibrium swelling and 37C was calculated frofm

ments in PBS were determined by bicinchoninic acid assay (Pierce

D.\s BCA Assay Kit #23235, Rockford, ILY, Human serum albumin(99%
b, = —0 2) agarose gel electrophoresis), human fibrinogen (60% prote®0%
2 D, clottable protein), ang--globulin (99% electrophoresis) were obtained

from Sigma (St. Louis, MO). Hydrogel disks, 5 mm in diameter, were
where Dg is the diameter of the xerogel arigh is the diameter of equilibrated in PBS for a period of 24 h and then exposed to a known
swollen gel. For the swelling kinetics, the amount of water in the concentration of human plasma proteins 3oh atroom temperature.
swelling polymer was determined at different time intervals before Protein concentrations in PBS ranged from 0.01 to 1 mg/mL. Following
equilibrium swelling was reached. The swelling kinetics of the xerogels the adsorption experiment, the hydrogel disks were rinsed 3 times

were determined accordingto (10 min each) in PBS to remove loosely bound protein. The disks were
then transferred into a glass tube containing 5 mL of 2-wt % aqueous
f=Kt" 3) solution of sodium dodecyl sulfate (SDS) and shakemdfr atroom

temperature to elute the proteins adsorbed to the hydrogels. During

wheref is the fractional water uptake( is a constant related to the Screening experimentsy we determined that an elution time of 4 h
hydrogel structuret is the swelling time, anch is a number that  removed all adsorbed proteins. The amount of adsorbed protein was
indicates whether diffusion or relaxation controls the swelling. The calculated from the concentration of proteins in the SDS solution read
fractional water contentfis W/W., whereW, is the weight of water ~ at 562 nm8 and a calibration curve prepared from a pure sample of
in the hydrogel at timet, and W, is the weight of the water at  each of the target proteins measured. Four repeats (3 disks per repeat)
equilibrium swelling. Equation 3 is only valid for a fractional water  at each concentration were measured and the average value was taken.
uptake of 0.6° Platelet AdhesionPlatelet adhesion experiments were conducted

Dynamic Water Contact Angl®ynamic advancing and receding  according to the lactate dehydrogenase (LDH) a$aje accuracy
water contact angles of xerogels were measured using deionized wategng sensitivity of this method proved to be comparable to that of
by the Wilhelmy plate method using rectangular samplésthis study, radiolabeling®2® Blood was drawn from healthy volunteers, and
a CAHN DCA-322 analyzer operating at 26 and a velocity of 100 pjatelet-rich plasma (PRP) with cell density 1510 cells/mL was
um/s was used. For a particular xerogel, four measurements wereprepared from citrated whole blood (3.8% sodium citrate; blood to
averaged and data are expressed as Mesi. citrate 9:1, v/v), by centrifugation. Xerogels of 5 mm diameter were

DSC Measurements of Frozen and Nonfrozen Wd&enntitative equilibrated with PBS overnight. A total of 0.6 mL of PRP was
information on the amounts of frozen and nonfrozen water in the transferred to 24-well culture plates, and the PBS equilibrated hydrogels
hydrogels was obtained by differential scanning calorimetry (DSC 2910, were placed into the PRP containing wells. Incubation was carried out
TA inStrument, New CaSﬂe, DE) f|tted W|th an inteI’COO|er. The at 37°C for 2 h after Wh|Ch the hydroge' disks were removed and
equilibrium swollen samples were cooled 660 °C using liquid rinsed with 1 mL of PBS to remove loosely attached platelets. The
nitrogen and left to equilibrate for 10 min before heating to°@0at disks were then transferred to a glass tube and 2 mL of lysis buffer
a rate of 5°C/min. The area under the observed melting endotherms (194 Triton X 100) was added to disrupt the platelets. LDH activity of
was determined and used, in conjunction with EWC, to determine the the lysate was determined by adding 0.3 mL of Monotest LDH
relative amounts of frozen and nonfrozen water in the hydrogel samples. (Boehringer, Germany). The amount of adhered platelets was calculated
From the melting enthalpy of the different hydrogel samples, the percent ysing a UV spectrophotometer at 340 nm from the concentration of

weight of frozen water was calculated using the equétion platelets in the lysate solution. A calibration curve was prepared from
the UV absorption of known platelet concentrations. Four measurements
W. = AH % 100 4) for each sample were determined, and the average value was taken.
frozen AHO
whereAH is the melting enthalpy of the sample af#, is the melting Results and Discussions

enthalpy of bulk water which is taken as 334 J/g. The amount of o
nonfrozen water can then be obtained from the difference between the ~Macroiniferter and Block Copolymer SynthesesWe have
EWC of the hydrogel and the calculated frozen water. synthesized PUW-PSMA by controlled radical polymerization
Tensile-Stress Tests and Network Parameféne tensile strength ~ using polyurethane macroiniferter. Table 1 summarizes the
of the hydrogels was measured by tensile testing using a samplecompositions of the different block copolymers synthesized with
measuring 14 mnx 3 mm, cut from the center of the cast film. The the corresponding xerogel and the molecular weight.
sample was placed in the jaws of an Instron model 5544 tensile tester The FTIR spectra of TPED, PUMI, and block polymers are
equipped with version IX software. Since the hydrogels are likely to shown in Figure 1, from which it is clear that all of the expected
dehydrate during sample clamping, measurements were done inside geaks have appeared. The FTIR spectrum of TPED showed an
water bath (37°C) fitted to the Instron at a crosshead speed of 10 —QH peak at 35083580 cnl. For the PUMI, the peak at
mm/min and a load cell of 5 kN. Hydrogel network parameters were 3300 cnt?, a characteristic of the urethane amide bond appeared
obtained using the modulus of elasticitl, derived from tensile while the OH peak we observed for TPED has disappeared

experiments and the following equatiohs: indicating that the chain extension reaction was completed.
G E When the PUs-PSMA copolymers were hydrolyzed to give
Vg (5) PU-b-PGMA, the—NH and —OH peaks are overlapped and a

RT®,**  3RTD,* broader peak between 3370 and 3400 &is observed. Thi%DV
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Table 1. Composition of PU-b-PSMA and the Corresponding 100
PU-b-PGMA Xerogels, Molecular Weight, and Molecular Weight o
Distribution ¢ 85°%C
80 o 70°C
ercent
P . v 60°C °
weight ratio -
parent corresponding  composition, GPC data 9\; 60 ®
polymer?a hydrogel? % Mn(x10%)  My/My S .
=
PU-b-PSMAO  PU-b-PGMAO 100:0 4.50 2.71 E 40 1
PU-b-PSMA15 PU-b-PGMA15 85:15 5.58 2.02 3 >
PU-b-PSMA30 PU-b-PGMA30 70:30 6.01 1.74
PU-b-PSMA40 PU-b-PGMA40 60:40 6.52 1.67 20 -
PU-b-PSMA50 PU-b-PGMA50 50:50 7.30 1.49 y |Z]
aPSMA content calculated based on conversion and yield during 0 T T T T
synthesis. ® When PSMA was completely hydrolyzed. 0 5 10 15 20 25
e, e A ]. T Reaction time, h
._“.__. wal r‘ -\«] . ,',‘- )
_,.-m-».\_.TTPF,D o |,|| IIII. 8
N A n 1 TV ‘. l’-'. H| JJlJ | ]
i N ® 35°C

Tranmittance

PL-h-PGMA

Number average molecular weight (Mn), x 104
o

. . 4 T T T T E

40H10 3500 3000 2500 2000 1500 1000 500 0 5 10 15 20 25

Wave number, /fem Reaction time, h
Figure 1. FTIR spectra of TPED (OH peak at 3500—3580 cm™1), Figure 2. Conversion vs polymerization time (a) and molecular weight
PUMI (NH peak at 3300 cm™1), and PU-b-PGMA (broader and vs polymerization time (b) during the “living” radical polymerization
overlapped —NH and —OH peaks between 3370 and 3400 cm™1). of solketal methacrylate (SMA) using polyurethane macroiniferter.

is a confirmation of the hydroxyl groups in the FD:PQMA. 10 ] —o— PUB-PSMASO
The FTIR peaks of primary and secondary alcohols in PGMA —0— PU-b-PSMA40
block were observed at lower wavenumbers than tertiary —v— PU-b-PSMA30
alcohols from TPED, which is expected. Thus BARGMA —v— PU-b-PSMAILS

copolymer xerogels were obtained from successfully synthesized§ 307 ~™ PU-b-PSMAO
PU-b-PSMA.
The PUMI used to initiate the polymerization of solketal
20 -

methacrylate showed a typical “living” polymerization behavior
where both molecular weight and conversion linearly increased |
with reaction time as presented in Figure 2. At a fixed feed *
composition, the conversion was highly temperature dependent.rg 107
Figure 2 revealed that nearly 90% conversion was achieved
within 16 h of polymerization at 85C compared with less than

brium water content (%)

ilil

45% conversion at 66C. 0 0 - e o % o
Braun and co-workers used TPED as a free radical initiator
to polymerize a number of vinyl polymets However, TPED Hydrolysis time, min

must be modified by reacting at least one of its hydroxyl groups frigyre 3. Effect of PU-6-PSMA hydrolysis time on the equilibrium

to be used as an iniferter for “living” radical polymerizatiéh. water content of the corresponding PU-b-PGMA hydrogels at 25 °C.

Since macroiniferters involve initiation, chain transfer, and/or Data are expressed as +SD for four independent measurements.

radical termination, the rate of reaction is believed to be lower

than that of the conventional free radical sysfénThis is time. Indeed, the EWC of the PlHPGMA hydrogels increased

supported by the polymerization time in Figure 2, whereby over with hydrolysis time as presented in Figure 3.

12 h was needed to get substantial conversion. Each data point in Figure 3 is the EWC of the hydrogels at
Effect of Hydrolysis Time on Equilibrium Water Contents the corresponding hydrolysis time. The time required for

of Hydrogels. The current hydrogels were obtained by the complete hydrolysis of the PSMA block was 90 min for PU-

selective hydrolysis of the poly(solketal methacrylate) block to b-PSMA15, whereas it was 210 min for PJPSMAS0. This

poly(glycerol methacrylate). Therefore, the equilibrium water was also supported by NMR analysis (data not shown). As can

content (EWC) is expected to be dependent on the hydrolysis be seen from the figure, further hydrolysis time did not increéffv
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Table 2. Advancing and Receding Water Contact Angles of PU-b-PGMA as a Function of Hydrolysis Time?@

hydrolysis time, min

sample 0 60 120 180 240
PU-b-PGMAO advancing 84 +0.42
receding 75 +0.71
PU-b-PGMA15 advancing 79 +0.20 71+1.20 61 + 0.30 53 +0.72 53 +0.75
receding 71+ 0.67 62 +0.33 53 +0.34 34 + 0.65 33+0.46
PU-b-PGMA30 advancing 80 £+ 0.83 65 £+ 0.77 49 + 0.42 46 + 0.55 46 + 0.52
receding 72 £0.35 50 +£0.44 43 +0.81 37 £0.46 36 +£0.61
PU-b-PGMA40 advancing 81 +0.84 66 + 0.62 54 +0.33 42 +0.49 41 +0.59
receding 74 £ 0.62 52 +0.92 44 + 0.37 33+0.23 31+0.81
PU-b-PGMA50 advancing 84 + 0.55 64 + 0.81 48 + 0.17 43 +0.78 32 +£0.27
receding 75 4+ 0.80 514+0.42 44 + 0.29 31+0.72 20 +0.48

2 Data are expressed as £SD. Contact angles decreased as a function of hydrolysis time.

Table 3. Polymer Volume Fraction (®2) at Equilibrium Swelling
and the Swelling Kinetic Parameter ()2 48 O Equilibrium water content F 0.64
—_ { ¥ Polymer volume fraction —~
sample @, n S 46 062 8
PU-b-PGMAO 0.9873 H g
PU-b-PGMA15 0.8571 0.472 § w1 g
PU-b-PGMA30 0.7954 0.441 g L 0.58 E
PU-b-PGMA40 0.7015 0.468 B 427 2
PU-b-PGMA50 0.5805 0.459 E rose >
£ 40 1 é
2 The value of niis less than 0.5 indicating diffusion controlled swelling. ~§- 054 =
S S Los2
the EWC of the hydrogels. At a fixed hydrolysis time, it is also 36 . . . . 0.50
worth mentioning that the EWC was higher for those hydrogels 20 25 30 35

obtained from higher amounts of PSMA than those with lower Temperature, °C

,amoum,s' This is expected Slnce the principal hydrophilic block Figure 4. Effect of temperature on the equilibrium water content and

is obtained by the hydrolysis of PSMA. The polyurethane polymer volume fraction for PU-b-PGMAS0. Data are expressed as

macroiniferter used as a control during the hydrolysis experiment +SD of four independent measurements.

(PUH-PSMAO) did not show any appreciable swelling as shown

by the nearly flat line as a function of hydrolysis time. This is

a clear indication that the hydrolysis was selective to the PSMA @ to be a decreasing function of temperature. The correspond-

block. ing value ofd, presented in Figure 4 ascertains this expectation.
Effect of Hydrolysis Time on Dynamic Water Contact The temperature dependence of xerogel swelling has been

Angles.Dynamic water contact angles, which are indicative of the subject of many investigations, and depending on the nature

the wetting properties of the xerogels as a function of hydrolysis of the molecules making the xerogel, it could increase or

time,are presented in Table 2. decrease. For instance, hydrogels basel-gimyl-2-pyrolidone,

_ As the hydrolysis time increased, the polymers showed poly(2-hydroxypropyl methacrylamide), and poly(ethylene

improved wetting, as evidenced by the decrease in both oxide) showed a decreased swelling with increased temperature,

advancing and receding contact angles, due to the generatioRynereas poly(2-hydroxyethyl methacrylate) showed both de-

of hydrophilic PGMA chains. With the exception of FtJ- creased and increased swelling depending on the temperature
PGMAS0, the contact angles reached constant value within 3 h range?3-25 Cross-linked PGMA homopolymer is known to have

hydrolysis time, which is in good agreement with the EWC data increased swelling when the swelling temperature is incresed.
pllscus_sed earlier. By increasing the hydrolysis time, the decreasegjnce PGMA is the principal hydrophilic block in the current
in particularly the receding contact angles for all samples becamehydrogels, it is not surprising that we found higher swelling of

more significant. This is so because the advancing contact anglethe block copolymers when the temperature is increased
is sensitive to the less wettable surfaces under nonaqueous '

conditions, whereas the receding contact angle is more sensitive The eff_ect of SOIUbI? salts on the equilibrium water gontgnt
to an already wet surface. was studied by exposing the xerogels to PBS at physiological

Effect of Temperature and Soluble Salts on Swelling pH. The results are presented in Figure 5. Wg noFiced that.the
Behavior. At room temperature and equilibrium swelling, the time needed for the hydrogels to reach an equilibrium swelling
polymer volume fractiond.) of the current hydrogels decreased Was about the same for both swelling media but equilibrium
with an increased PGMA content as presented in Table 3. This SWelling was lower for PBS than that of pure water. This effect
is due to the fact that an increased PGMA content led to IS attributed to changes in the chemical potential of water in
hydrophilic polymers with higher EWC and hence lovsgs. the h_ydrgtlng so!utlon_. Conversely, the_ decreased eqL_Jl_Ilb_rlum

The effect of temperature on EWC awigb of the current swelling is explame_d in terms of osmotic pressure ec!umbnum
hydrogels is shown in Figure 4. At a fixed PGMA content, a where an increase in the number of movable counterions in the
moderate increase in EWC was observed as the Swe”ingswelling solution leads to a decrease in the osmotic pressure
temperature was increased from 20 to°87 This observation ~ Within the sample, causing shrinkage of the hydrégel.
is a characteristic of endothermic swelling. Since the swelling  The swelling kinetics of hydrogels is either diffusion or
of the present xerogels are endothermic, one would anticipaterelaxation controlled. Swelling kinetics was determined fr&rBV
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50 in the hydrogels was increased, whereas the nonfrozen water
content reached a maximum plateau value of approximately 7%
above 15% PGMA content. Although one would anticipate
strong water interaction with increased PGMA contents to cause
higher amounts of nonfrozen water, this was not the case. As
the EWC is increased, the dissociation of physical interactions
such as hydrogen bonds in the hydrogel may also increase. The
dissociation of the hydrogen bonds can induce an increase in
the frozen water content of the hydrogéisAlthough some
researchers reported more than one type of frozen #Weéter
while others reported only one ty$€9 the current hydrogels
had only one type of frozen water.

Network and Interaction Parameters for Physically Cross-
Linked Hydrogels. For many hydrogel biomaterials, effective
cross-link densityf) is an important aspect of their dimensional
stability. Effective cross-link density for the current hydrogels

40 A

30 4

Equilibrium water content (%)

Figure 5. Effect of soluble salts on the equilibrium water content of
the block copolymer hydrogels at 25 °C. Data are expressed as +SD

of four independent measurements. was obtained from stresstrain experiments using egs 5 and
6. From the modulus of elasticit§], ve for each hydrogel was
Table 4. Frozen and Nonfrozen Water Quantification of the Fully calculated using eq 5. The polymewater interaction parameter
Hydrolyzed Hydrogels at Equilibrium Swelling? () in a swollen hydrogel was determined from the equétion
EWC, % frozen nonfrozen
sample (25 °C) water, % water, % —[In(1 — ®,) + &, + Uevl(q)20-33_ 0.50,)]
PU-b-PGMAO 1.40 0.30 1.10 xX= 3 8)
PU-b-PGMA15 14.30 9.21 5.09 P,
PU-b-PGMA30 20.50 12.38 7.67
PU-b-PGMA40 29.85 22.40 7.45 whereV; is the molar volume of water (1.& 10-°m%mol).
PU-b-PGMA50 41.95 35.12 6.83 The network and interaction parameters of the current hydrogels

are presented in Table 5. For all of the hydrogels, the values of
E, ve, andy decreased with increased amounts of PGMA. Thus,
water becomes a poor “solvent” at lower PGMA contents and
the water up-take experiment by eq 3. Taking the natural Physical interactions assume more importance and contribute
logarithm: to the effective cross-link density, which is an elastic contribu-
tion.3! Swelling occurs for the same reason that a solvent mixes
INnf=InK+nint @) with a linear polymer to form ordinary polymer solution except
that the swollen gel is an elastic solution rather than a viscous.
Thus the slope of the linear plot affords the valuenpénd the A decrease iry with increased amounts of hydrophilic monomer
intercept is InK. It has been shown that when the valuena$ means that water becomes a better “solvent”. This should be
below 0.5 the swelling is diffusion controlled (Fickian diffusion), the case since the hydrophobic polyurethane block is reduced
whereas the value of between 0.5 and 1 indicates relaxation- when PGMA contents were increased.
controlled swellingt®> Table 3 showed the value af for the Physically cross-linked hydrogels are hydrophilic networks
present hydrogels to be below 0.5, which meant that water comprised of an amorphous hydrophilic polymer phase held
absorption, and hence swelling, were governed by diffusion together by highly ordered aggregates of polymer chain seg-
process. ments arising from secondary molecular forces such as hydrogen
DSC Quantification of Frozen and Nonfrozen Water in bonding, van der Waals forces, and hydrophobic interacfions.
the Hydrogels.Frozen or nonfrozen water types are known to The interest in physically cross-linked polymeric hydrogel
be present in a swollen hydrogel and the type of water influences biomaterials is obvious since the use of cross-linking agents is
protein adsorption and platelet activation properties of hydro- avoided. For instance, when a hydrogel biomaterial is used for
gels?’ Although frozen water is loosely absorbed, nonfrozen drug delivery application, the drug has to be incorporated during
water is tightly bound and shows no freezing/melting transition the cross-linking stage that often requires either heating or
during DSC cooling and heating processes. This indicates thatultraviolet (UV) radiation as a means of cross-linking. In the
water absorbed into hydrophilic polymers has somewhat dif- presence of heat and UV-radiation some protein drugs may lose
ferent thermodynamic properties than those of water in the bulk their bioactivity and become ineffective. Since the network
liquid phase. The amounts of frozen and nonfrozen water in structure in physically cross-linked hydrogels is reversible, such
the current hydrogels are shown in Table 4. aggressive conditions can be averted. In addition when the
It is interesting to note that the percentage of frozen water hydrogel is designed to be biodegradable, physically cross-linked
showed a quadratic increas@ & 0.97) as the PGMA content  hydrogels are easily degraded compared with their chemically

2 Data are average value for n= 2. The sum of the percent frozen and
nonfrozen water equals the percent EWC.

Table 5. Mechanical Properties and Network Parameters for PU-b-PGMA Hydrogels at 37 °C

sample composition, % E, MPa G, MPa Ve (Mol/m3) M., Kg/mol X
PU-b-PGMAO 100:0 17.020 5.673 6.77 x 108 0.177 3.310
PU-b-PGMA15 85:15 2.880 0.960 1.1 x 1038 1.087 1.135
PU-b-PGMA30 70:30 2.150 0.716 0.8 x 103 1.493 0.845
PU-b-PGMA40 60:40 0.770 0.256 0.27 x 108 4.345 0.568
PU-b-PGMAS50 50:50 0.560 0.186 0.19 x 108 6.253 0.343
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Figure 6. Single protein adsorption of PU-b-PGMA hydrogels from
PBS as a function of protein concentration: (a) fibrinogen adsorption,
(b) albumin adsorption and, (c) y-globulin adsorption.

Mequanint et al.

2.5 A H
®  Albumin
O Fibrinogen
NE 2.0 1 v y-Globulin
=
=
g
L
E
=]
Q
<
3 ]
<
<
0.5 v
v ¢ od
\o
0 10 20 30 40 50

PGMA content, (wt %)

Figure 7. Single proteinadsorption of PU-b-PGMA as a function of
PGMA content. Protein concentration was 1 mg/mL. Fibrinogen
adsorption decreased while albumin adsorption increased.

the current hydrogel biomaterials mechanically strong. All of
the current hydrogels were soluble in most organic solvents,
but when films cast from solution are placed in water or PBS,
the films swell without dissolving. Furthermore, for the aqueous
environment experimental conditions described, we did not
observe any mass loss of the hydrogels, indicating the absence
of soluble fractions.

Protein Adsorption. The protein adsorption data for the
current hydrogels are presented in Figure-6aFigure 6a
revealed that fibrinogen adsorption was high for the control PU-
b-PGMAO. All of the hydrogel samples adsorb significantly
lower fibrinogen than the control. The adsorption data also
showed that the reduction was in accordance with PGMA
contents. The lowest fibrinogen adsorption value for these
hydrogels was observed at Qi2ffcn? for the PUb-PGMAS50
at 1 mg/mL protein concentration. Albumin adsorption showed
the opposite behavior of fibrinogen (Figure 6b). Here, the
PU-b-PGMAS50 adsorbed the most albumin and that the adsorp-
tion decreased with decreasing PGMA contents and reached the
minimum for the control. This data suggested that albumin has
a higher affinity to the hydrogel surfaces than the control. This
is very promising since albumin has a passivating effect and
biomaterials that adsorb higher amounts of albumin are con-
sidered to be biocompatibté Another possible reason hydrogels
adsorb more albumin than fibrinogen may be due to absorption.
When the size of the protein is relatively small, both adsorption
and absorption are known to occuit

Although there is a clear indication that the control BU-
PGMAO adsorbed morg-globulin than the hydrogels, there is
very little difference between the different hydrogels, and the
effect of the PGMA content seems to play little role within the
experimental ranges investigated (Figure 6c). Haigh éb al.

cross-linked counterparts. Among physically cross-linked hy- reported increaseg-globulin adsorption from lauryl methacry-
drogels, amphiphilic block copolymers are ideal candidates for latesstatglycerol methacrylate hydrogel networks when the
biomedical applications owing to their versatility in drug glycerol methacrylate amount was increased. This difference
delivery32 When block copolymers are exposed to an aqueous may be caused due to the different chemistry between the
environment, solutions, micelles, or stable gels can be formed polyurethane and lauryl methacrylate. The effect of PGMA
depending on the nature and length of the hydrophilic block. content on the adsorption of proteins is summarized in Figure
In addition to aggregation of hydrophobic chains that causes 7, which clearly demonstrated that fibrinogen adsorption was
physical cross-linking, hydrogen bonding also plays a role. Since reduced when the amounts of PGMA was increased.

the macroiniferter polyurethane in the current hydrogels is based Platelet Adhesion.The platelet adhesion results of the current
on PTMO, the presence of hydrogen bonding between the hydrogels are presented in Figure 8. The figure shows that the
PTMO and urethane hard segments is obvious. It is also number of platelets adhered af#eh ofincubation has decreased
plausible to assume the presence of hydrogen bonding betweemwith increased PGMA contents. The lower platelet adhesion
the urethane hydrogen and the carbonyl of the PGMA that makesproperty of the hydrogels compared with the control canclﬁv
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Figure 8. Effect of PGMA content (and hence equilibrium water
content) on platelet adhesion for PU-b-PGMA hydrogels.

accounted for by the decrease in interfacial free energy between
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