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The aim of this study was to investigate the in vitro degradation of hydroxyl ethyl methacrylated dextran (dex-
HEMA) microspheres. Dextran microspheres were incubated in phosphate buffer pH 7.4Gt&% the dry

mass, mechanical strength, and chemical composition of the microspheres were monitored in time. The amount
and nature of the formed degradation products were established for microspheres with different cross-link densities
by FT-IR (Fourier transformed infrared spectroscopy), NMR, mass spectrometry, SEC analysis, and XPS (X-ray
photoelectron microscopy). The dex-HEMA microspheres DS 12 (degree of HEMA substitution; the number of
HEMA groups per 100 glucose units) incubated at pH 7.4 and@8howed a continuous mass loss, leaving

after 6 months a residue of about 10% (w/w) of water-insoluble products. NMR, mass spectrometry, and SEC
showed that the water-soluble degradation products consisted of dextran, low molecular weight pMEMA (

15 kg/mol), and small amounts of unreacted HEMA and HEMMAP (intermediate reaction product of the
Baylis—Hillman reaction of HEMA with DMAP (4-dimethyl aminopyridine)). Microscopy revealed that the water-
insoluble residue consisted of particles with shape and size similar to that of nondegraded microspheres. However,
these particles had lost their mechanical strength as evidenced from micromanipulation experiments. FT-IR and
XPS (X-ray photoelectron microscopy) revealed that these particles consisted of pHEMA, of which a small fraction
was soluble in methanoM, ranging between 27 and 82 kg/mol). The insoluble material likely consisted of
lightly cross-linked pHEMA. In conclusion, in vitro degradation of dex-HEMA microspheres results in the formation

of water-soluble degradation products (mainly dextran), leaving a small water-insoluble residue mainly consisting
of pHEMA.

1. Introduction insight into the nature of the products that are formed during
degradation of the drug delivery system.

Biodegradable polymeric microparticles have been intensively ~ Systems based on poty(-lactic-co-glycolic acid) (PLGA)
investigated as controlled release systems for pharmaceuticallyhave been widely studied as controlled release systems, because
active proteins. A major advantage of these microparticles is of their biodegradability and good biocompatibility. Under
the possibility to tune the release rate of the proteins by their physiological conditions, these systems ultimately degrade into
degradation raté&-3 Moreover, there is no need for surgical lactic and glycolic acid, which may enter the Krebs cycle or
removal of these systems after they have released their payloadare excreted through the normal pathways. However, there are
In general, the suitability of devices based on biodegradable a number of problems associated with the application of these
polymers as a protein releasing matrix depends not only on thesystems for protein delivery, among which the use of organic
possibility to tune the release rate, but also on the degradationsolvents for preparation of the protein loaded particles, the pH
time, and the biocompatibility of the polymers and their drop during degradation, and subsequently incomplete release

degradation products Therefore, it is important to have good as a result of undesired protein aggregation/degradétion.
Similar problems were also observed for microspheres based

on other hydrophobic biodegradable polymers such as poly-
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hydrogel-based microspheres are a good alternative for the 2.2. Preparation and Degradation of the Microspheres2.2.1.
microsphere systems based on hydrophobic polymers. FransseRreparation of the Microsphere$o analyze the nature and the quantity
and Stekenes et al. described a method to prepare hydrogeIOf both the soluble and the insoluble degradation products of dex-
based dextran microspheres in an all-agueous system, therebjﬂEMA microspheres with different cross-link densities, different
avoiding the use of organic solverdfs® With this method, batches of microspheres (DS 8, 12, 20; fixed water content of 50%)
microspheres were obtained by polymerization of aqueous Were prepared at 100 g scale (yielding 1.2 g of dry dex-HEMA
droplets containing methacrylated dextran in a continuous poly- Microspheres). To collect enough sample material to accurately
(ethylene glycol) (PEG) phase. However, these microspheresdeterm"?? the mass loss and to follow the evolution of the chemical
were essentially nondegradable without the addition of a Composition, the mechanical strength, and the morphology of the
matching enzyme (Dextranasé}!Biodegradable microspheres, microspheres in time, one batch of microspheres (!DS _12, initial water
that contain an additional carbonate ester in their cross-links, content 50% _(W/W)) was prepared at 1 I_(g scale (y|e_zld|ng 12g of dry
which are hydrolytically sensitive under physiological condi- dex-HEMA microspheres). The preparation Of.the mlcrospheres.at 100
tions, were obtained by cross-linking hydroxyethyl methacry- g and 1 kg scale was essentially done as described else¥#hedetail,
lated dextran (dex-HEMAJ Important features of these for a 100 g batch, 12 g of a 10% solution of dex-HEMA (DS 8, 12, or

. h their hiah lati ffici f tei 20) in 10 mM phosphate buffered saline pH 7.0 (PBS) was added to a
microspheres are their high encapsuiation Eciency 1or proteins, o) ion of PEG in PBS (22.4 g, 40% (w/w)), and PBS was added to

a low or even apse”t burst release, and the Poss'b"'ty to tallora final mass of 100 g, resulting in a PEG/dex-HEMA volume ratio of
the release profiles by the degree of substitution ofldex-HEMA 401, based on PEG/dex-HEMA phase diagratnhe PEG/dex-
(DS, number of HEMA groups per 100 glucose units) and the pgyawater mixture was emulsified for 55 min at 1500 rpm using a
initial water content of the microspherés?24 In vivo studies three-bladed impeller (2 cm in diameter). Next, 4 mL of TEMED
performed by Cade et al. showed these microspheres to be sojution (20% (v/v), pH adjusted to 7.0 Wi M hydrochloric acid)
biocompatibleX* was added, and stirring was continued for 5 min. The stirring rate was
Previous studies have shown that dex-HEMA microspheres set to 500 rpm, 2.7 mL of 50 mg/mL KPS solution was added, and
degrade under physiological conditions through hydrolysis of stirring was continued for 1 more minute. Next, the stirring was stopped
the carbonate esters linking dextran and pHERAA:30 and the emulsion was incubated at room temperature for 60 min to
Therefore, dextran and pHEMA are the expected degradationpolymerize the dextran grafted HEMA groups. The microspheres were
products. It was indeed demonstrated that dextran, a water-purified with water by five centrifugation (326020 min) and washing
soluble polymer, was released from dex-HEMA microspheres steps (15 mL of water). Finally, the microspheres were resuspended in
and macrogels when the main fraction of cross-links was a minimal volume of water and freeze-dried. For the preparation at 1
hydrolyzed?2.24-30 However, the solubility and molecular weight kg scale, 10-fold larger amounts were used. The emulsification was
of the expected pHEMA degradation products have not been performed in a 2 L reaction vessel with a three-bladed impeller (4.5
studied so far. Recently, Weaver at al. reported that the solubility €M in diameter) and a stirring speed of 1500 rpm. Average particle
of pHEMA depends on the degree of polymerization (B%). diameter and size distributions of the microspheres were measured with
Homopolymers up to a DP of 20 are water-soluble, whereas aMaIverp Mastersiz_er 2000 (Malvern instruments Ltd., Worcestershire,
higher molecular weight pHEMA is water-swellable rather than United Klngdom) with water as _eluent. After preparathn, the meth-
water-soluble. Therefore, the degradation of dex-HEMA mi- acrylate conversion was determined as described previdusly.

crospheres may result in the formation of water-insoluble ~ 2.2.2. Degradation of dex-HEMA Microspheréseeze-dried mi-
degradation products. crospheres (DS 12, 2 g) were rehydrated in 5 mL of PBS containing

The aim of this study was to investigate the in vitro 0.02% NaN (pH 7.4) and transferred into a disposable dialyzer. Six

: dialyzers, each filled with 5 mL of microsphere suspension, were
r ion of hydroxylethyl methacryl xtran X-
a%gmﬁatmﬂcroc;phgg; )Ié)ztxt)r/an r?]ticraocsgt?et:rags ?Neitig adiffé(rjeent transferred into a vial containing 500 mL of buffer (10 mM PB, 100
. . .
cross-link densities were incubated in phosphate buffer pH 7.4 ™M Nacl, 0.02% Nal, pH 7.4) and subsequently incubated at67
t 37 °C d th hanical st th d chemi IAt regular time intervals, one of the dialyzers was removed and the
gomposit,ioannof th(z mﬁ:srzzsglg(r:esa r\]/\I/(;?e ?nfr?i?orédai?‘ tifneemrlﬁ: entire incubation buffer was refreshed. The concentration of dextran

d f the f d soluble d dati d in the removed incubation buffer was determined with SEC. Cumulative
amount and nature of the formed soluble degradation pro UCtSrelease curves were obtained by summation of the amount of dextran

were eStabI'Sheq via FT-IR, NMR, XPS, mass spectrometry, released at each time point. The microspheres from the removed dialyzer
and SEC analysis. were analyzed using a light microscope (microscope with D12 digital
camera, Olympus Optical Co. Shibuya, Tokyo, Japan). Hereafter, the
microspheres were extensively washed with water (15 mL, five times
centrifugation, 3206, 20 min) and freeze-dried. The mass of the freeze-
2.1. Materials. Poly(ethylene glycol) (PEG) 10 kg/mol, potassium dried micro;pheres was determined.. The freeze-dried microspheres were
peroxodisulfate (KPS), cesium iodide (Csl), sodium iodide (Nal), and analyzed with Fourier t.ransformed infrared spectroscqpy (FT-IR) and
potassium bromide (KBr) were obtained from Merck, Darmstadt, X-"ay photoelectron microscopy (XPS). The mechanical strength of
Germany. Dextran 20 and 40 kg/mél,N,N',N'-tetramethylethylene- thg mlcrospheres after rehydratlon was analyzed with a micromanipu-
diamine (TEMED), 4-(dimethylamino)pyridine (DMAP), and hydroxy-  ation technique as described by Stenekes & al.
ethyl methacrylate (HEMA) were purchased from Fluka (Buchs, 2.2.3. Quantification and Analysis of Degradation ProducTs.
Switzerland). 2,2Azobisisobutyronitrile (AIBN) was obtained from  collect, quantify, and identify the water-soluble and water-insoluble
Polysciences, Inc. (Eppelheim, Germany). Hydroxyethyl methacrylate- degradation products, dex-HEMA microspheres (DS 8, 12, and 20) were
derivatized dextrans (dex-HEMA) with a DS of 8, 12, 16, and 20 were hydrolyzed under accelerated conditions. In detail, 240 mg of freeze-
synthesized and characterized according to Van Dijk-Wolthuis®t al. dried microspheres was suspended in 4 mL of 0.1 M NaOH and
The degree of HEMA substitution (DS, the number of HEMA groups incubated for 5 days at 7GC. Next, the suspension (pH adjusted 7.0
per 100 glucose units) was determined by proton nuclear magnetic with 0.1 M HCI) was centrifuged (32@7 5 min), and the supernatant
resonance. Disposable dialyzers based on cellulose mixed estergfraction A) and the insoluble residue (fraction B) were separated.
membrane MWCO 50 kg/mol were obtained from Sigma-Aldrich Fraction A was freeze-dried until about 2 mL remained, and subse-
(Buchs, Switzerland). DMS@s and methanot; were obtained from quently 8 mL of methanol was added. The sample was centrifuged to
Cambridge Isotope Laboratories (Andover, USA). separate the methanol-soluble part (A2) from the methanol-insoluble

2. Experimental Section
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part (Al). Sample A1l was washed several times with methanol to  2.3.3. Electrospray Mass Spectrometfhe samples obtained by
remove residual methanol-soluble degradation products, dried, anddegradation of microspheres in an aqueous; Mblution (see section
weighed. Sample A2 was dried in air and weighed. The molecular 2.2.4) were injected on a tandem quadrupole mass analyzer Micromass
weight and molecular weight distribution of the polymers in sample Quattro LC (Micromass, Cheshire, United Kingdom). The cone voltage
Al dissolved in water and A2 dissolved in DMF were determined using was 30 V, the capillary voltage was 2.8 kV, the scan range mwas
SEC (see section 2.3.1), and their chemical composition was establishedd—1500, the flow rate was gL/min, the source temperature was 60
via NMR (see section 2.3.4). °C, and the desolvation temperature was80Positively charged ions
Fraction B was washed several times with water to remove residual Were produced using an electrospray probe. Calibration was done with
water-soluble compounds. Next, 16 mL of methanol was added to the & Mixture of 96 mg of Nal and 2.5 mg of Csl in 50 mL of 2-propanol.
water-insoluble part (B) to obtain a methanol-soluble (B1) and a FOr MS/MS analysis, the collision energy was 25 eV, and argon was
methanol-insoluble fraction (B2). The methanol-insoluble fraction (B2) USed as the collision gas. The mass spectra were analyzed using
was washed several times with methanol, dried, weighed, and analyzed\asslynx Software (Micromass, Cheshire, United Kingdom). The exact

by FT-IR. The methanol in fraction B1 was almost completely removed Mass measurements were carried out with a Micromass LC ToF
(room temperature) until about 1 mL of this solution remained. The (Micromass, Cheshire, United Kingdom) using nano-electrospray

molecular weight and the molecular weight distribution of the polymer iONization. Cone voltage was 30 V, and capillary voltage 1.2 kV.
in this fraction were determined with SEC as described in section 2.3.1. Calibration was performed with PEG 400 in acetonitrile/water contain-

Next, the samples were further dried in air and the chemical composition ing 20 mM ammonium acetate.
was established with FT-IR (see section 2.3.6). 2.3.4."H NMR SpectroscopyNMR spectra were recorded with a
2.2.4. Analysis and Release of HEMBMAP. Ten milligram Gemini 300 MHz spectrometer (Varian associates Inc. NMR instru-

microspheres (DS 8, 12, or 20) were incubated at room temperature in MENtS: Palo Alto, CA). Approximately 30 mg of material was dissolved

5 mL of 10 mM NH solution (pH 9) at room temperature for 3 days in 0.8 mL of a suitable solvent. For measurements in methanol, the

At regular time intervals, the suspension of degrading microspheres signal at 3.31 ppm was used as t_he reference line, whereas in DMSO-
) . de/D20 (7:1), the central DMSO line was set at 2.5 ppm.

was centrifuged (32@) 20 min), and the supernatant was analyzed by ) ; ) ) ] )

HPLC (see section 2.3.2) and by ESI-MS (see section 2.3.3). As a 2.3.5. MicromanipulationThe mechanical properties of the micro-

control, 10 mg of dex-HEMA was incubated under the same conditions, SPheres were measured by a micromanipulation technique. Briefly, a

and the concentration of HEMADMAP was determined via HPLC single microsphere was compressed between two parallel surfaces to a

(see section 2.3.2). certain deformation. Simultaneously, a force transducer measured the

. . f ing i h i h f i f th li
2.3 Analyses2.3.1. Size Exclusion ChromatograpBEC analyses orce being imposed on the microspheres as a function of the applied

. . deformation. The details of this technique are described elsewhéte.
of the water-soluble degradation products were performed with a system

consisting of an HPLC pump series 200, a vacuum degasser series 200, 2-3-6- Infrared Spectroscopythe Fourier transformed infrared
an autosampler series 200, a column LC 101 oven, a differential spectra (FT-IR) of the freeze-dried microspheres and the water-insoluble

refractometer PL-RI 800 (all Perkin-Elmer Instruments, Norwalk, USA), degradation products (fractions B1 and B2 after drying; section 2.2.3)

and two thermostated (3&) Shodex KB-800 series columns (OHpak were recorded in transmission mode on a Bio-Rad FTS6000 FT-IR
KB-800P, 6 mmx 50 mm, guard column: OHpak KB-806M 8 mm spectrometer with Win-IR Pro software (Cambridge, MA). Spectra were

300 mm, exclusion limit 2« 107; Showa Denko, Tokyo, Japan). The obtained from a KBr tablet compressed at 10 tons with a hydraulic

flow rate was 0.7 mL/min, and the mobile phase was an agueous press. Each tablet contained 2% (w/w) of microspheres or reference
solution of 20 mM phosphéte buffer pH 7.0 also containing 200 mM polymer (dextran, pHEMA, or a mixture of both). Scans (128) were

: . co-added at 2 cnt resolutions at a scan speed of 0.16 cm/s (5 kHz
NaCl. The columns were calibrated with dextran standards of known -
. . NS laser modulation). The spectra were corrected for water vapor at-3700
molecular weight and narrow molecular weight distribution (Fluka

| . A
Chemie AG). The chromatograms were recorded and analyzed with 3800 cm. PHEMA was obtained by polymerization of HEMA (4 g,

the data acquisition system Perkin-Elmer Totalchrom (Perkin-Elmer 3.0'1 ol) with AIBN (0.52 g, .3'2' nol) in 40 L(_)f_freshl)_/ distilled
dioxane at 80C for 2 h. After this, pHEMA was precipitated in hexane
Instruments, Norwalk, USA).

and dried under vacuum at 4GC. The spectra obtained from the
The methanol-soluble degradation products were analyzed using thepEMA and dextran (different mass ratios) were used to calculate the

same HPLC system. The PLgeis MIXED-C columns (Polymer composition of the different microsphere samples. The composition of

Laboratories Inc., Amherst, USA) were thermostated afG0The degraded microspheres was determined by comparing the peak heights

flow rate was 0.7 mL/min, and the mobile phase consisted of DMF 5 5 reference sample of a mixture of pHEMA and dextran of a known

with 0.02 M LiCl. The columns were calibrated with PEG standards composition.

of known molecular weight and narrow molecular weight distribution 2.3.7. X-ray Photoelectron Spectroscoffin analyze the surface

(Fluka Chemie AG). composition of nondegraded and degraded microspheres, X-ray pho-
2.3.2. Reersed-Phase High Performance Liquid Chromatography. toelectron spectroscopy (XPS) analyses were performed. XPS is a
Reversed-phase HPLC was used to determine the methacrylate conversyrface sensitive technique, with a probing depth in the range-86f 1
sion of the microspheres and to determine the concentration of HEMA nm. The XPS Cls spectra were obtained using a Vacuum Generators
and HEMA—-DMAP in the release samples (section 2.2.4). The HPLC CLAM-2 hemispherical analyzer operating at 100 eV pass energy. A
system consisted of a pump series 200, a vacuum degasser series 200g Ko source (Vacuum Generators twin-anode XR2E2) was used at
an autosampler series 200, a column LC 101 oven, and a UV detector120 W. The angle between the surface and the analyzer axis Wwas 15
series 200 (all Perkin-Elmer Instruments, Norwalk, USA) and a and the angle between the analyzer and the X-ray source axis was 33.5
thermostated (38C) RP-18 column (Symmetry C18, 4:6 150 mm) For XPS analysis, the freeze-dried dex-HEMA micropheres were
with an 8 x 3 mm precolumn (all Waters, Ireland). The flow rate was hydrated in a small amount of water, and the resulting paste was spread
1.0 mL/min, and a mobile phase of water/acetonitrile 10/90 v/v (adjusted onto the XPS sample plate and dried in air. Samples of pHEMA,
to pH 2.0 with perchloric acid) was used. A calibration curve was dextran, and degraded microspheres were obtained by powder compres-
obtained by injecting 5L of 0.5—25 ug/mL MA or HEMA. The sion with a pressure of 10.4 kg/émsing an infrared tablet press. The
concentration of HEMA-DMAP was determined using a calibration  C1s spectra were subsequently recorded three times to check for the
curve of DMAP obtained by injecting 5L in the concentration range  absence of sample degradation due to radiation and charging stability
0.5-25ug/mL. The chromatograms were recorded and analyzed with during analysis. The spectra obtained from the pHEMA and dextran
the data acquisition system Totalchrom (Perkin-Elmer Instruments, (different mass ratios) were used to calculate the surface composition
Norwalk, USA). of the different microsphere samples. Assuming that the outer layer of
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Table 1. Particle Size and Methacrylate Conversion of
Microspheres?

volume mean methacrylate
process diameter conversion
DS scale (um) (%)

8 100 g 19+1 MV+1
12 100 g 20+1 92+1
12 1kg 23+3 94+1
20 100 g 32+2 M0+1

2 The values in this table are the average + standard deviation obtained
from three independent measurements.

ol b b bl b b b |
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Figure 1. RP-HPLC chromatogram of an accelerated degradation
sample (t= 1 h, pH = 9) containing HEMA—DMAP (1) and HEMA
(2) and buffer salts (peaks eluted before rt = 2 min).

a microsphere is a mixture of pHEMA and dextran, the resulting signal
intensity I (Ewr) can be considered as a superposition of the pHEMA
and dextran signals according to:

I(E)tot = CI(E)dexran+ (1- C)I(E)pHEMA 1)

In this equation(E)dexranand I(E)pHema are the signal intensities of
dextran and pHEMA, respectivel{g is the binding energy of the
electrons, and is the fraction of dextran in the mixture.

3. Results and Discussion

3.1. Characterization of the Prepared Microspheres and
Release of HEMA and HEMA—DMAP. In Table 1, the water

Biomacromolecules

The use of a larger amount of reaction mixture (100 g) and
different dimensions of the reaction vessel can result in a lower
shear stress per volume emulsion, which in turn results in larger
sphereg? In agreement with previous findings, the methacrylate

conversion exceeded 90% for all formulaticfs.

HPLC analysis of the water-soluble degradation products
samples revealed besides the presence of HEMA=(t0.5
min) also that of another molecule &t 4.4 min, Amax = 289
nm) (Figure 1).

It was found that both compounds were released from the
microspheres at the same rate during 2 days of incubation in a
10 mM NH; pH 9 at room temperature, which suggests that
this compound, like HEMA, was coupled to dextran via a
carbonate ester. The exact mass of this compound as established
with LC/MS/MS was 252.1552, which is in agreement with the
bruto formula GsH20N2Os. This suggests that this molecule may
be the protonated reaction product formed by the addition
reaction of HEMA (GH1003, My, 130 g/mol) to DMAP
(C7H10N2, My, 122 g/mol), which is used as a catalyst for the
coupling of HEMA-imidazole carbamate (HEMA-CI) to dex-
tran32 Figure 2 shows the MS/MS spectrum and the possible
structure of the HEMA-DMAP molecule, as derived from this
spectrum. The ions in this MS/MS spectrummafiz 209 and
123 in the MS/MS spectrum are either formed by cleavage of,
respectively, ethanal from the HEMADMAP adduct ([M+
H — 44]") and further cleavage of methacrylic acid from the
ion m/z 209 or formed by immediate cleavage of HEMA from
HEMA—-DMAP (M + H — 130["). The ion atm/z 136 is
formed by cleavage of acrylic acid from the ionratz 209.

Most probably, the reaction of HEMA with DMAP to form
HEMA—DMAP is based on the BaylsHillman reaction of
an activated alkene or alkyne with an aldehyde or ketone
(Scheme 1§? Baylis—Hillman reactions usually require Lewis
bases, such as tertiary amines, for example, 1,4-diazabicyclo-
[2,2,2]octane (DABCO) and DMAP, as cataly3ts? Likely,
the HEMA—DMAP adduct (Scheme 2) is an intermediate of
the Baylis—Hillman reaction, which is stabilized by the in-
tramolecular salt-bridge that is formed between the positively
charged quaternary N-atom and the negatively charged enolate
anion.

3.2. Degradation of dex-HEMA Microspheres and Analy-

content, particle size, and methacrylate conversion of the Sis of Degradation Products.To study the in vitro degradation
different microsphere formulations are given. The volume mean Of dex-HEMA microspheres, the mass loss and dextran release

diameter ranged between 19 anda2.

The dex-HEMA microspheres were larger than the micro-
spheres previously prepared by Franssen et aluifl)?? which
might be attributed to the difference in manufacturing scale.
The microspheres in ref 22 were preparécd& gscale, and
emulsification was performed with a vortex (at 1500 rpm). In

were determined for microspheres of dex-HEMA DS 12 (water
content 50%) at pH 7.4 and 3T (Figure 3).

This figure shows that the microspheres lost 94% of their
mass in 6 months. After this period, no further degradation was
observed (results not shown), leaving a solid residue of 6% of
the initial mass of the microspheres. As mentioned in the

the present study, the microspheres were prepared at 100 g scalmtroduction, the expected degradation products of the micro-

in a reactor equipped with an impeller stirring at 1500 rpm.

spheres are dextran and pHEMA. It is also shown in Figure 3

1000000+ 73
209 44
8 Am=+44
< 86 OH
° -
S 253 N* o
2 5000001 O
(]
-% Am=+86
- —
@ 123 NS
CH, CH,
87 136 *+—
c LS A L) L L) L) L} L]
0 50 100 150 200 250 300 [M+H] =253

m/z

Figure 2. The MS/MS spectrum of the Baylis—Hillman intermediate of HEMA and DMAP (right).
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Scheme 1. Bayliss—Hillman Reaction of a Methyl Vinyl Ketone with an Aryl Aldehyde Catalyzed by DMAP

B NMe, ]
NMe,
f (> | = ArCHO oH o9
N = _ o
Me — N (o} - Ar%Me
k)\
Me
Scheme 2. Bayliss—Hillman Reaction of DMAP with HEMA products are enriched in pHEMA. Quantitative analysis of the
NWe, B T FT-IR spectrum of the water-insoluble material that was present
o after 6 months indicated that this material consisted essentially
N NN N0 of pHEMA (894 6%). These FT-IR analyses were not sensitive
| 0 enough to detect trace amounts of dextran in the remaining
Z I I N . .
N o X insoluble degradation products.
o NS / Light microscopy revealed that the water-insoluble residue
consisted of spherical particles. The size and shape of these
L e, | particles was not significantly different from that of the

CisHogNo0s nondegraded microspheres (Figure 5). However, during degra-
dation the particles became more transparent than the nonde-
that dextran was released quantitatively within 6 months, which graded microspheres, which implies that the difference in
suggests that the solid residue consists of pHEMA. In addition, refractive index between these hydrated microspheres and
it can be calculated that the expected mass loss for microspheres

of dex-HEMA DS 12 after complete release of dextran is 91%. @ 41796 em-"
This might indicate that, during the degradation besides dextran,
a small amount of water-soluble pHEMA is released. 1074 cm’”
The chemical composition of the solid residue present at 2.8 1026 cm™’

and 5.7 months was analyzed with FT-IR (Figure 4a) and
compared to that of nondegraded microspheres. The most
significant bands resolved in the spectrum of the nondegraded
microspheres are 1726 cm[v(C=0)], 1150 cnt?! [»(C—-0)],

1162 cnt? [y(CHjs), 7(OH)], 1050 cnt! [0(C—OH)], and 980
cm~! [v(C—0) andd(C—OH)], in which v is bond stretching,

7 is torsion,o is bending, and is rocking#=*3 It is clearly
visible that in the spectra of the solid residue that remained at
2.8 and 5.7 months of degradation the intensity of the band at
1726 cnt! had increased and the peaks at 1074 fw(C—

Absorbance

0), alcohol] and 1021 cm [v(C—0) ester] were more resolved 1500 1000 500
as compared to those in the spectra of nondegraded micro- P
spheres. To enable the interpretation of these data properly, FT- wavenumber (cm™)
IR spectra of pHEMA, dextran, and different mixtures of dextran
and pHEMA were taken (Figure 4b). (b) 1726 cm™

With increasing mass ratio of pHEMA, the intensity of the 1074 cm™’
ester band at 1726 crh[v(C=0)] increases, whereas the peak l 1
intensity of the cyclic alcohols in dextran (1050 th{o(C— 1026 cm

OH)]) decreases. Therefore, by combining the results of Figure
4a and b, it can be concluded that the insoluble degradation

Absorbance

] L] ]
1500 1000 500

Wavenumber (cm™)

Figure 4. FT-IR spectra in the region 1900—400 cm~! of nonde-

Dextran release, mass loss (%)

0 I . I T . . graded microspheres DS 12 (blue line), and degraded microspheres

0 1 2 3 4 5 6 after 2.8 months (red line) and 5.7 months (black line) of incubation

. (pH 7.4, 37 °C) (a). FT-IR spectra of pHEMA and dextran, as well as

Time (months) their physical mixtures in the region between 1900 and 400 cm™1.

Figure 3. Dextran release (*) and mass loss (A) of dex-HEMA From top to bottom: pHEMA/dextran 100/0 (black line), 80/20 (blue
microspheres (DS 12; initial water content 50%) incubated at 37 °C line), 50/50 (red line), 40/60 (green line), 0/100 (purple line) (w/w)

and pH 7.4 as a function of time. (b).
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Figure 7. XPS Cl1s spectrum of pHEMA (- - -), dextran (—), nonde-

Figure 5. Microscopy image of microspheres (DS 12) in phosphate graded dex-HEMA microspheres of DS 12 (*), and degraded dex-
buffer (10 mM, 100 mM NaCl, 0.02% NaNsz, pH = 7.4). Top: HEMA microspheres of DS 12 (5.7 months, pH 7.4, 37 °C) (®) (a);
nondegraded microspheres. Bottom: degraded microspheres (DS 12, and XPS C1s spectrum of pHEMA (black line), dextran (—@—), and
5.7 months, pH = 7.4, 37 °C). mixtures of pHEMA and dextran in ratios 20/80 (blue line), 40/60 (red

line), 60/40 (green line), and 80/20 (purple line) (b).

200+
= amount of dextran has been released from the microspheres,
2 4504 they essentially had lost their mechanical strength.
e The surface composition of the microspheres was investigated
A with XPS. Figure 7 shows the C1s spectra of nondegraded dex-
+ 100 HEMA microspheres, the insoluble residue isolated at 5.7
S months, pHEMA, and dextran (Figure 7a), and different
2 504 mixtures of pHEMA and dextran (Figure 7b).
g In the spectrum of dextran and the nondegraded microspheres,
0 the peaks originating from-€0 of the alcohols and glycosidic
0 10 20 30 40 50 60 70 80 bonds in dextran are clearly visible (Figure 7a,b). In the
.o spectrum of pHEMA and the insoluble degradation products,
Deformation (%) O—C=0 (of the ester group present in pHEMA);-© (present
Figure 6. Micromanipulation compression profiles of dex-HEMA in pHEMA (partly overlapped by €H signal of pHEMA)),
micraspheres at £ =0 (@), 1 (v), 1.5 (a), and 2.8 (W) months. and G-H groups of pHEMA (Figure 7a,b) are obsenféd5

. . . In Figure 7b, the calculated spectra of different mixtures of
surrounding medium (water) had decreased. This can beqeyiran and pHEMA are shown. As expected, with increasing
attributed to a higher extent of hydration of the degraded 4iios pHEMA/dextran, the peaks of- =0 and G-H become
microspheres as a result of the release of dextran (Figure 3).qore apparent.

The mechanical strength of the microspheres as a function  \when the peak intensities in the spectrum of the nondegraded
of the degradation time was investigated by the micromanipu- microspheres (Figure 7a) were fitted with eq 1 (section 2.3.7),
lation technique. Figure 6 shows that the mechanical rigidity the calculated mass percentage of pHEMA in the outer layer of
of the microspheres represented by the pseudo elasticity modulusyondegraded microspheres was 8%. Provided that pHEMA
(calculated from the initial slope of the pseudo stress strain and dextran were homogeneously distributed in the outer layer
curve$?) drastically decreased in time, from 140.1 MPa ¢ of the microspheres, for nondegraded microspheres prepared
= 0) to 0.0070+ 0.0005 MPat(= 2.8 months). from dex-HEMA DS 12, a mass percentage of 9% pHEMA

This can be ascribed to hydrolysis of the cross-links in the was expected. The calculated composition is in good agreement
dex-HEMA network, resulting in a decrease of the cross-link with the expected composition and with the bulk composition
density and thereby of the mechanical strerigihfter 3 months, as calculated from the FT-IR spectra.
the compression force acting on the microspheres was below Fitting the peak intensities of the insoluble residue that was
the detection level of the micromanipulation force transducer. present at 5.7 months revealed a pHEMA content of more than
This indicates that at this time point when 70% of the total 91 + 6%. FT-IR analysis showed that the insoluble residue
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Table 2. Solubility, Identity, and Mass Percentage of Different Degradation Products of dex-HEMA Microspheres (DS 8, 12, or 20)2

fraction water- methanol- chemical mass percentage (%)
(see section 2.2.3) soluble soluble composition DS 8 DS 12 DS 20
Al + - dextran 99 96 87
A2 + + LMW pHEMA 1 1 <1
B1 - + HMW pHEMA <1 <1 <1
B2 - - insoluble pHEMA?® 4 7 14
a4 = soluble, — = insoluble, LMW = low molecular weight, HMW = high molecular weight. ? Solvent removal was incomplete due to inclusion of

solvent during drying.

Table 3. Molecular Weights of Degradation Products from Various
Microspheres

The molecular weight of the insoluble pHEMA could not be
determined, as it dissolved neither in methanol nor in other

chemical M, M organic solvents (DMSO, DMF). The insoluble fraction showed
DS fraction composition (kg/mol)  (kg/mol)  PDIA significant swelling in DMSO. Because high molecular weight
8 A2 LMW pHEMA 16 20 12 PHEMA is soluble in DMSO® this result suggests that the
B1 HMW pHEMA 65 103 16 insoluble residual material consists of a loosely cross-linked
12 A2 LMW pHEMA 16 28 1.7 pHEMA. The mechanism behind the cross-linking pHEMA is
B1 HMW pHEMA 82 163 20 not clear yet and requires further investigation.
20 A2 LMW pHEMA 14 18 1.3
B1 HMW pHEMA 26 48 1.8

4. Conclusions

2 PDI = polydispersity index.

This study demonstrates that the degradation of dex-HEMA
consisted for 89 5% of pHEMA. This suggests that also for ~microspheres in phosphate buffer pH 7.4,°€7results in the
these insoluble residues their surface composition is similar to formation of the water-soluble degradation product8¢—99%)
their bulk composition and that they essentially consist of and a small fraction of water-insoluble degradation products
pHEMA. (~4—14%). Under physiological conditions, water-soluble

3.3. Analysis of Mass Fraction and Composition of Water- degradation products are gradually released as a result of the
Soluble and Water-Insoluble Degradation Products.The hydrolysis of cross-links and consist of dextran and small
composition and mass fraction of the water-soluble products @mounts of low molecular weight pPHEMM, ranging between
and the water-insoluble residue of microspheres with different 14 @nd 16 kg/mol), unreacted HEMA, and HEMA®MAP
cross-link densities (obtained by polymerization of dex-HEMA (intermediate reaction product of the Baytisliliman reaction
of DS 8, 12, 20), degraded under accelerated conditions (0_lof HEMA with DMAP). Water-insoluble degradation products
M NaOH, 70°C, 3 days), were established (Table 2). consist of slightly cross-linked pHEMA and a small fraction of

It was shown by NMR that the water-soluble fraction (A) methanol-soluble, high molecular weight pHEMHKI{ ranging
mainly consisted of dextran and a small fraction of water-soluble between 27 and 82 I_(g/mol). - . .
pHEMA. As indicated in Table 2, the mass percentage of The dex-HEMA mlcrpspheres are promising biocompatible
dextran (A1) and water-soluble pHEMA (A2) was, respectively pontrql!ed delivery devices. For these systems, a.Iow level of
86—99% and<1%. (The mass percentage of dextran recovered Impurities and Co.m.plete. rer_noval of the degradation pr_odqcts
in the water-soluble degradation products is consistent with the atthe site of administration is preferred. Therefore, the in vivo
expected amount of dextran in the microspheres—@m6 degradation and the processing of the insoluble residue by

w/w).) The water-insoluble degradation products (B) consisted macrophageland the mech.amsm. of forma‘qon of cross-llnkeq
of a small fraction of methanol-soluble pHEMA (B£1% wiw, pHEMA are cu_rrentl_y qnder |nvesf£|gat|on. F|na_IIy, the synthesis
independent of the cross-link density of the microspheres) and g@i’;HEMA is optimized to avoid the formation of HEMA
methanol-insoluble pHEMA (B2), which increased with DS :
from 4 to 14% w/w (Table 2). This indicates that pHEMA is
mainly recovered as methanol-insoluble product.

The number average molecular weight of the water-soluble
pHEMA (A2) was between 14 and 16 kg/mol with a polydis-
persity between 1.2 and 2.0 (Table 3), which is consistent with
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