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Synthesis and Characterisation of a Degradable Poly(lactic
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Poly(lactic acid)-poly(ethylene glycoh-biotin (PLA—PEG-biotin) is a degradable polymer with protein
resistant properties that can undergo rapid surface engineering in agueous media to create biomimetic surfaces.
Surface engineering of this polymer is dependent on biomolecular interactions between the biotin end group
and the protein avidin. Given the vigorous conditions of synthesis, it is essential that the manufacture of the
polymer does not alter the biotin structure or its molecular recognition. Equally, it is important that the
incorporation of biotin does not adversely affect the physicochemical properties of the polihiéiR

provides evidence of biotin attachment and structural integtityNMR, gel permeation chromatography
(GPC), and differential scanning calorimetry (DSC) analysis shows there is no significant effect on bulk
properties induced by the biotin end group. Surface plasmon resonance (SPR) and fluorescent spectroscopy
studies using the 2-{4ydroxyazobenzene) benzoic acid (HABA)/avidin complex show that the biotin
moieties binding capabilities are not impaired by the synthesis.

Introduction o}

With recent advances in tissue engineering and drug

HNJ\NH
deliverylS there has been an increasing need for new H
' o] N
biomaterials that can present biological molecules at their * %/\O/k\/ S
surface$. Peptide and carbohydrate motifs are used in cell
PLA PEG

signaling and extensive studies have elucidated that specific BIOTIN

amino acid sequences such as RGD or IKVAV in extracel- figure 1. Structure of PLA—PEG—biotin.

lular matrices that are responsible for cell adhegidhThe

ability of a material to immobilize these adhesion ligands by reducing steric hindrance. Each biotin moiety on the

has been clearly demonstrated, by the use of self-assemblingPL A—PEG-biotin attaches to one of the four biotin binding

monolayers, to be a useful strategy in controlling cell-material sites on the tetrameric protein avidin leaving available

interactions in both tissue engineering and drug delivenry. binding pockets for any biotinylated peptide sequences or
The main strategy to date for attaching peptide sequencedigands3*—3° PLA—PEG—biotin has been shown to have

to polymers has been covalent coupliadhis technique is  favorable responses from endothelial cells when presenting

not however applicable if polymers lack reactive side groups RGD sequences to the surface using this technigjiais,

or if reaction conditions damage the polymer or biomolecular therefore, has the potential to be a valuable system for the

ligand*"*8 Poly(lactic acid)-poly(ethylene glycolybiotin manufacture of tissue engineering scaffolds or matrices.

(PLA—PEG-biotin) is a polymer that can immobilize  An important factor in the design of new biomaterials is
different biomolecules under mild aqueous conditions on & reproducibility in terms of chemical, physical and biological
biodegradable surface (Figure %). properties. PLA-PEG-biotin can be synthesized in two easy

'PLA—PEG copolymers and their use as an effective steps: biotin attachment to bifunctional PEG followed by
biomaterial in drug delivery and tissue engineering have beenp| a attachment to PESbiotin by ring-opening polymer-
well characterized”2° PLA is the backbone of th(zegpolymer ization of the lactide. The polymerization is possible using
and provides structural integrity to any scafféfd: Poly- two methods; solution polymerization or melt polymerization.
(ethylene glycol) (PEG) has long been considered an gy rface plasmon resonance (SPR) and fluorescent spectros-

attractive biomaterial because of its ability to resist protein copy prove to be useful methods of assessing the surface
adsorptior??”** In PLA—PEG-biotin, PEG acts as a spacer  gngineering process and whether the biotin unit is degraded

group for the biotin thus improving biotin-binding capabilities  ,; the biological activity reduced by synthesis. Much of the
surface properties of this polymer have been studied;
* To whom correspondence should be addressed.

TPresent address: Surface Logix, 50 Soldiers Field Place, Boston, MA however, the bulk properties of this biOtin'(_:ontaining PEA
02135, PEG copolymer have yet to be characteriz&t.
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Polymer end groups have been shown to affect the bulk toluene (0.1 g in 1 mL) was then added, and the reaction

properties of a polyme¥—*8 An example of this was found
in a poly(propylene glycotypoly(ethylene glycol) copolymer

was then brought to reflux at 11 for 4 h under argon.
Following this, the reaction vessel was equipped with a

where a change from a methoxy-terminated end group to aDean-Stark trap and any remaining solvent was removed
hydroxyl end group lead to changes in the glass transition by vacuum rotary evaporator. The remaining viscous material

temperature ranging from 12 to 2C. This was attributed

was heated to 14€8C, giving a melt, which was left for 1 h

to interactions with the hydroxyl end group and the ether under argon. The reaction mixture was allowed to cool after
oxygens on the backbone of the polymer and end-to-endwhich it was dissolved in approximately 10 mL of dichlo-

hydrogen-bonding interactiod®.Given that the biotin in-

romethane. This polymer solution was then added dropwise

teraction with avidin involves establishing 36 hydrogen bonds to a stirring solution of 100 mL of diethyl ether. The final
(excluding water molecules) and the presence of both etherproduct was isolated by vacuum filtration and lyophilized
and ester oxygens along the backbone of the polymer, it is overnight. Approximately 2.0 g of white powder was isolated.
feasible that biotin as an end group could influence the bulk  The Graft Polymerization of Lactide on Biotin —PEG—

properties of PLA-PEG in a similar mannéf. Therefore,

OH by Melt Polymerization. This method was as described

we undertook a systematic study to assess the impact of thgq the solution polymerization with the exception that the

biotin end group on the PLAPEG.

Experimental Section

Materials. a-Hydroxy-w-amine PEG ¥, 3400) and
methoxy-terminated PEGV,, 3000) were purchased from
Shearwater PolymersL-Lactide was purchased from Purac
and stored at OC under nitrogenN-Hydroxy succinimide
(NHS) biotin was purchased from Pierce & Warriner.
Stannous octanoate [Sn(Qg¢tand all solvents were pur-

chased from Sigma/Aldrich. Stannous octanoate was stored
under vacuum and used as received following a nitrogen

purge andH NMR checks for impurities.

Synthesis of PLA-PEG-Biotin. Synthesis of Biotin—
PEG—OH. a-Hydroxy-w-amine PEG (1 g) was dissolved
into acetonitrile (2 mL). Methylene chloride (1 mL) and&t

(80QuL) were added and the mixture then stirred for 1 min.

After addition of NHS-biotin (0.250 g), the reactants were

stirred overnight under argon. The reaction was worked-up

by the slow addition of diethyl ether (40 mL) to precipitate

contents were not diluted with toluene. The round-bottom
flask with lactide (2 g) and biotinPEG-OH (0.35 g) was
sealed under argon and heated at 1@0for 16 h before
being reprecipitated as previously described.

Preparation of PLA—PEG by Melt and Solution
Polymerization. Synthesis was performed as described for
PLA—PEG-biotin, substituting biotin- PEG-OH with Me—
PEG-OH. Synthesis of low-content lactide PEAPEG—
biotin by melt and solution polymerization were completed
as described for PLAPEG-biotin using 0.2 g lactide.

Instrumentation Methods. Nuclear Magnetic Reso-
nance Spectroscopy (NMR)Proton*H NMR spectra were
recorded on a Bruker ARX-250 spectrometer at 250 MHz.
H NMR chemical shifts were measured in parts per million
(ppm) relative to CHGlin CDClz and DMSO in DMSO¢ds.

Gel Permeation Chromatography (GPC).GPC studies
were conducted using degassed chloroform as the eluent with
a sample concentration of 0.2% wi/v, an injection volume of
100uL, columns consisting of % Plgel 5um (300 x 7.5

the polymer, which was then filtered on a Buchner funnel mm), and a flow rate of 1.0 mL/min. Studies were carried

and washed with diethyl ether. The isolated material was

then dissolved in hot 2-propanol (7Q) to give an opaque-

cloudy solution. The polymer was reprecipitated on cooling;

this product was then analyzed for biotin attachmenttby
NMR spectroscopy.

Removing Water Impurities and Aqueous Impurities
from Biotin —PEG—OH. The polymer (350 mg) was
dissolved into toluene (70 mL) and refluxed with a Dean

out at ambient temperature and a pressure of 70 bar. The
detector used DRI, and polystyrene (Easical PS-2) was used
to calibrate the system.

Differential Scanning Calorimetry (DSC). DSC ther-
mograms were recorded with a Perkin-Elmer CCA7 analyzer
and a Perkin-Elmer TAC 7/DX. The heating rate was’C0
a minute with a quenching rate of 200 a minute. Values
of glass transition temperature$yf were taken from the

Stark trap and a condenser. Then 70% of the toluene wasmidpoint of the transition region.
removed by distillation. The polymer was isolated on arotary ~ Surface Plasmon Resonance (SPR)he SPR equipment
evaporator. To remove residual solvent, the polymer was (Ortho Clinical Diagnostics, Chalfont, St-Giles, U.K.) em-

dried under vacuum (Edwards RV8) for 2 days.
Preparation of PLA—PEG—Biotin. The Graft Polym-
erization of Lactide on Biotin—PEG—OH by Solution
Polymerization. Glassware was silanized by rinsing with a
5% methyltrichlorosilane solution in toluene, rinsed with
acetone, and left overnight to dry at 13D. A 50 mL round-
bottom flask was charged with biotfPEG-OH (0.35 Q).

ploys a Kretschmann configuration with a monochromatic
laser source of 780 nm wavelength. The glass slides used
had a 50 nm silver layer on one side. These were coated
with samples from a 3 mg/mL chloroform solution spun-
cast with 100uL at 2000 rpm. This resulted in films that
gave time-dependent SPR angigsHR(in millidegrees of
mDA) which is the angle at which the minimum in light

Lactide (2 g) was transferred into the round-bottom flask intensity occurs. Avidin (Sigma) was made up to<510~7

and diluted with 10 mL of toluene, and the round-bottom M in dibasic phosphate buffer (10 mM, pH 7.4), which also
flask was capped and placed in the desiccator. The round-acted as the medium for washing. The flow rate was 0.24
bottom flask was then taken out of the desiccator and heatedmL/min and binding of avidin was determined over 1000 s
to 60 °C until the contents went into solution. Sn(Qtt)  time periods. Injection of the avidin solution took place



Poly(lactic acid)—Poly(ethylene glycol) Copolymer

|

|
PLA-PEG

Biomacromolecules, Vol. 2, No. 2, 2001 577

(o)
s M
NHS-Biotin . A:N3 N:(
i SN Py LI
(o]
PEG-Biofi ey
Bt N N
l s ) H2 = 336 H®=205 NIEI’=635
p ‘—#M Wd W“ﬂ\«m H3 =42 HX=1.62 NH3 =645
H4 = 43 HB=173 NHCO=7385
,; HS5A=3.01 H9=143 PEG=3.5I
| | H5B=2.78 PLA (CH) = 1.53

PLA-PEG-Biotin | i PLA (CH,)=5.22

8 5 ?
IH NMR spectras of PLA—PEG, NHS—biotin, biotin—PEG—OH, and low molecular weight PLA—PEG—biotin.

&

Figure 2.

| 1

3 1

approximately 100 s after the start of each run. Results wereppm). For this reason a low-content lactide PLREG—

taken from at least eight repeats.
Fluorescence Spectroscopy Studies Using the [244
Hydroxyazobenzene)benzoic acid] (HABA)/Avidin Re-

biotin was synthesized (0.2 g of lactide, 0.35 g of PEG
biotin). *H NMR studies on the low-content lactide PEA
PEG-biotin obtained by solution and melt polymerization

agent. Spectroscopy studies were completed on a Beckmanshowed that biotin integrity and attachment was maintained
DU-600 spectrometer at a fixed wavelength of 500 nm at after graft polymerization of lactide to the PE®iotin, with
37°C. The average read time was 0.5 s and the read modethe biotin protons (H-3, H-4, H:1H-3) at 4.2, 4.3, 6.35,
[Abs]. Three blanks were read followed by three readings and 6.45 ppm and the amide bond at 7.85 ppm still clearly
of the HABA/avidin in 1 mL cuvettes. Each polymer sample detectable (Figure 2). However due to degeneracy in the 1.53
was recorded three times over a subset of four repeats. Thesnd 5.22 ppm regions from the PLA signals, SPR and
assay was completed by measuring the absorbance of thgyorescent spectroscopy using the HABA/avidin complex

avidin—HABA complex atAso before and after it has been  ere necessary to confirm complete biotin binding integrity.
placed over a film of PLA-PEG-biotin of known surface Structural analysis and comparisons of PLREG and

area. The absorption decreases proportpnately to the bIOtInPLA—PEG—biotin by melt and solution polymerization were
present on the surface because biotin displaces HABA due -
undertaken to see the effect biotin attachment had on the

to its higher affinity for avidin. The change in apsorbance PLA—PEG bulk properties. NMR spectroscopy and GPC
can then be used to calculate the amount of biotin prééent. i

studies were completed to ensure that the structural charac-
teristics and molecular weight of the polymer were consistent
so that any change in thermal properties were not due to
variations other than the end group. Analysis showed very
little difference when characterization was completed by
NMR spectroscopy and GPC (Table 1). NMR spectroscopy
analysis gave similar integral ratios of PLA to PEG for all

Results and Discussion

The attachment of biotin to #Ml—PEG-OH was achieved
through N-hydroxy-succinimide chemistry. The graft po-
lymerization of lactide to the HOPEG—biotin proceeds

through a ring-opening polymerization mediated by the Sn- ; e _
(Oct), complex suggested by Kricheldd#. four polymers with characteristic peaks for PLA being a

Evidence of Attachment of Biotin. Analysis of PEG- doublet (CH) at 1.53 ppm and a quartet (Jit 5.22 ppm
biotin by 'H NMR spectroscopy showed the appearance of and a singlet for PEG (Chlat 3.51 ppm. GPC studies gave
a triplet at 2.05 ppm that can be assigned to the methylene@ mean molecular weight of 24080 2370 confirming that
from the biotin chainx to the amide and the appearance of Molecular weight differences should not be responsible for
a broad singlet belonging to the free amido proton at 7.85 any large differences in bulk properties. DSC data showed
ppm. These signals were not present on the NMR spectra oflittle difference in thermal properties between the biotinylated
NHS—biotin. The biotin group was identified through the and nonbiotinylated PLAPEG and the melt and solution
two methine protons (H-3, H-4) from the cyclic biotin polymerized products suggesting that the biotin end group
structure at 4.3 and 4.2 ppm and two urea protons’'(H-1 does not change the bulk properties of the polymer (Figure
H-3') from the cyclic biotin structure at 6.45, 6.35 ppaPs 3). This was consistent with the work carried out by
In NMR spectra’s of PLA-PEG-biotin (M, 22 210), biotin Kricheldorf et al. on the variation of end groups and synthesis
signals could not be seen as the signal from the PLA of block copolymers with PEG by anionic polymerization
overwhelmed the biotin signal. (CH; 1.53 ppm, £18.22 of lactide where DSC studies showed that thermal properties
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Table 1. Bulk Properties of PLA—PEG and PLA—PEG—Biotin by 'H NMR, GPC, and DSC Analysis

IH NMR shifts (ppm)

LA/EG CDCl; as ref
in in CH CH, CH3
polymer feed product DPpgc? DPpia? My Mp© T4 (°C) (PLA) (PEG) (PLA)
PLA—PEG—biotin by melt polymerization 6.1 5.5 76 418 22680 33440 16 1.56 3.53 5.24
PLA—PEG-biotin by solution polymerization 6.2 5.3 76 403 22210 32290 17 1.53 3.51 5.22
PLA—PEG by melt polymerization. 6.2 6.8 68 462 27 440 36 260 14 1.55 3.51 5.20
PLA—PEG by solution polymerization 6.1 5.8 68 394 23690 31360 16 1.54 3.52 5.23

2 Determined by using the integration ratio of resonances due to PEG blocks at 3.5 ppm (—O—CH,—CHy,) and to PLA blocks at 1.55 ppm (CHj3) in the
1H NMR spectra. b DPpeg-g = 3350/44 = 76 and DPpgg = 3000/44 = 68, DPpa = DPPEG(LA/EG) ¢ My = 44DPpgg + 72DPpia.

Table 2. Surface Analysis of Biotin Integrity and Binding Capabilities by SPR and Fluorescent Spectroscopy with the HABA/Avidin Complex

absorbance value after addition to polymer film

polymer SPR shifts (mDA) in buffer in DME tissue culture media
PLA—PEG—biotin by melt polymerization 170.46 + 19.57 1.056 + 0.002 1.3911 + 0.006
PLA—PEG—biotin by solution polymerization 181.58 + 12.19 1.052 4+ 0.003 1.3749 + 0.006
PLA—PEG by melt polymerization 40.90 £+ 5.07 1.111 + 0.010 1.4219 + 0.005
PLA—PEG by solution polymerization 42.75 + 6.48 1.105 + 0.003 1.4197 + 0.008

Scan Rate 10°C /Minute

PLA-PEG-biotin by melt PLA-PEG-biotin by solution
polymerisation 9.27mgs polymerisation 11.59 mgs

3

E

g

L reorcmoanasosiowenoe] PLA-PEG by melt PLA-PEG by solution

g polymerisation 12.65mgs  polymerisation 10.02 mgs
431
411
391
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Figure 3. DSC thermograms for PLA—PEG—biotin and PLA—PEG by melt and solution polymerization.

2150 | Point of avidin A LA PEG bt by this polymer had not been completed before and had been
g e B sohution polymeriation synthesized at a temperature 30 higher than solution
£ 100 1 / By solution polymerization. SPR analysis measured avidin binding with
£ 50 / o DRATED ot the PLA-PEG-biotin and PLA-PEG by both synthetic
5 e =p P routes. The increase ipsprfrom the injection of avidin for
& 0 === T the melt polymerized PLAPEG was 40.9G: 5.07 mDA

5o 0 80 90 100 110 120 130 140 150 and for the solution polymerized PLAPEG was 42.75:

Time (sec) 6.48 mDA. The PLA-PEG-biotin by melt and solution

Figure 4. SPR traces measuring avidin immobilization on PLA—PEG polymerization after injection of avidin gaugser shifts of
and PLA—PEG—biotin by melt and solution polymerization. 170.464 4.89 mDA and 181.58 12.19 mDA, respectively.
are predominantly dependent on the PLA:PEG ratio and not There is a clear difference between the PtRPEG and the
the end group*56 PLA—PEG-biotin (Figure 3) that is consistent with previous

Having shown that the presence of the biotin group did work.4% The shifts noted with the PLAPEG surface can be

not affect bulk properties Signiﬁcanﬂy, SPR and fluorescent attributed to nonspeCiﬁC interactions, which have been well
spectroscopy studies with HABA/avidin were completed to characterized by Green et%dk® There was no significant
assess whether the biotin moiety or its binding capabilities Statistical difference in comparisons of polymers synthesized
with avidin were impaired during synthesis (Table 2). by either melt or solution polymerization.

Assessment was also undertaken to resolve whether the route Fluorescent spectroscopy studies using the HABA/avidin
of synthesis showed any effect on the biotin attachment or complex supported SPR data with no decrease in absorbance
its binding capabilities, given that melt polymerization of for the PLA-PEG and a decrease from 1.1600.004 to
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1.052 (equivalent to 625260 molecules of bigtim?) + (10) Baldwin, S. P.; Saltzman, W. Mrends Polym. SciL996 4, 177—
i 182.

0.003 and 1'056.(5.39 010 mpleCUIes of blqlmﬁ) +0.002 (11) Drumheller, P. D.; Hubbell, J. ATissue Eng1995 1583-1581.

for PLA—PEG-biotin by solution polymerization and PL-A (12) Hubbell, J. A.; Massia, S. P.; Desai, N. P.; Drumheller, PBD-

PEG-biotin by melt polymerization respectively. A modi- Technologyl991, 9, 568-572. _

biotin binding under cell culture conditions was to prepare 199§ 40, 511-519.
g prep (14) Cook, A. D.; Hrkach, J. S.; Gao, N. N.; Johnson, I. M.; Pajvani, U.

the HABA/avidin reagent in Dulbecco’s modified eagle B.; Cannizzaro, S. M.; Langer, R. Biomed. Mater. Re4.997, 35,
medium (DMEM) with high glucose,-glutamine, HEPES as) ?313—52?-, 5. Ruoslaht. & 1996 380 3646

H . asqualini, R.; Ruosla ti, ature .
bUffe_r’ and pYrOdOXIne hydrochlorlde. The effect of the (16) Patel, N.; Padera, R.; Sanders, G. H. W.; Cannizzaro, S. M.; Davies,
media was to increase the absorbance from 1400004 M. C.; Langer, R.; Roberts, C. J.; Tendler, S. J. B.; Williams, P. M.;
to 1.42544- 0.013. This value did not decrease when HABA/ Shakesheff, K. MFASEB J.1998 12, 1447-1454.
avidin reagent in DMEM was added to a film of PEAEG. (17) gﬁgga'sgélgéiazi’fg‘}l%i&iq%bl“lw' P.T., Jr. Langer JRAM.
A decrease was, however, detected from 1.440.0026 to (18) Desai, N. P.; Hubbell, J. ABiomaterials1991 12, 144-153.
1.3911+ 0.0059 (625 190 molecules of biotim?) for a (19) Cannizzaro, S. M.; Padera, R. F.; Langer, R.; Rogers, R. A.; Black,
film of PLA—PEG-biotin by solution polymerization and F.E.; Davies, M. C.; Tendler, S. J. B.; Shakesheff, K Bibtechnol.
a decrease from 1.419@ 0.0055 to 1.3749+ 0.0069 Bioeng. 1998 58 529-535.

— . (20) Kricheldorf, H. R.; Meierhaack, Makromol. Chem—Macromol.
(514 670 molecules of biotinm?) for a film of PLA—PEG— Chem. Phys1993 194, 715-725.

biotin by melt polymerization. The results show clear (21) Chen, X.; McCarthy, S. P.; Gross, R. Macromoleculed.997 30,

; ; ; ™" o 4295-4301.
evidence of HABA displacement with avidin by the biotin (22) Deng, X. M.: Xiong, C. D.: Cheng, L. M.: Xu, R. B. Polym. Sci.,

moieties with the PLA-PEG-biotin but no displacement Part C: Polym. Lett.199Q 28, 411-416.

with the PLA-PEG, which is consistent with expectations. (23) Rashkov, I.; Manolova, N.; Li, S. M.; Espartero, J. L.; Vert, M.
This in conjunction with SPR data, which also showed clear 2 I\I_/IiaCSrOT/IO'IeF?;Iser?ll(Z?/G 295080 anoiova. N Vert. M
differences inpsprshifts between the PLAPEG-biotin and Macromolecule<.996 29, s A

the PLA—-PEG, suggests that biotin structural integrity had (25) Li, Y. X.; Kissel, T.J. Controlled Releas&993 27, 247-257.
been maintained together with binding capabilities during (26) Agrawal, C. M,; Athanasiou, K. A.;; Heckman, J. Blater. Sci.
svnthesis Forum 1997, 250, 115-128.

Y : (27) Hench, L. L.Biomaterials1998 19, 1419-1423.
(28) Lu, L. C.; Mikos, A. G.MRS Bull.1996 21, 28-32.
(29) Han, D. K.; Hubbell, J. AMacromoleculed996 29, 5233-5235.
(30) Holmberg, K.; Tiberg, F.; Malmsten, M.; Brink, Colloids Surf. A,
. . . . . Lo Physicochem. Eng. Asf997, 123 297—-306.

Novel b|0mate”a_|3 Fhat mtegrfite b|0|09|Cf_i| activity Into (31 peible, C. R.; Petrosko, P.: Johnson, P. C.; Beckman, E. J.; Russell,

their surface chemistries are of importance in the advance- A. J.; Wagner, W. RBiomaterials1998 19, 1885-1893.

ment of tissue engineering and drug delivery systems. It is (32) Park, K. D.; Kim, Y. S.; Han, D. K; Kim, Y. H; Lee, E. H. B

. . : h, H.; Choi, K. SBi ials1998 19, 851-859.
necessary that in the synthesis of these materials, such as 33 SF;,:”’( 3 g.OF',’ark SKB'%maézgai ﬁ?om%tgﬁalsi%%sa 20, 943

PLA—PEG-biotin, the integrity of the functionalized end 953,
group be maintained without affecting the bulk properties. (34) Green, N. MBiochem. J1965 94, 23c-24c.
Here we have shown that the synthesis of PIREG—biotin (35) Lindqgyvist, Y.; Schneider, GCurrent Opin. Struct. Biol1996 6, 798—

. . . .. 803.
can be carried without any degradation to the biotin end (36) Gonztez, M.; Bagatolli, L. A.; Echabe, I.; Arrondo, J. L. R.;

Conclusion

group.*H NMR spectroscopic analysis has confirmed biotin Argarana, C. E.; Cantor, C. R.; Fidelio, G. . Biol. Chem1997,
attachment and integrity whiléH NMR, GPC and DSC 272 11288-11294. _

h L h h hat bulk . . I (37) Weisenhorn, A. I; Schmitt, F.-J.; Knoll, W.; Hansma, P. K.
characterization have shown that bulk properties are virtually Ultramicroscopy1992 42—44, 1125-1132.

unaffected by a biotin end group and are primarily dependent (38) Hendrickson, W. A.; Fder, A.; Smith, J. L.; Satow, Y.; Merritt, E.
on the PLA:PEG ratios and molecular weights. SPR analysis A PfOC-d’_\‘aﬂ- Acéd,h Sci, U-SIA%Q Bl@ 213&2194-
and fluorescent spectroscopy studies with the HABA/avidin (3% Piamandis, J. P.; Christopoulos, T. &lin. Chem.1991, 37, 625~

0 T i 636.
complex have shown that biotin’s binding abilities have not  (40) Black, F. E.; Hartshorne, M.; Davies, M. C.; Roberts, C. J.; Tendler,
been impaired during synthesis by either melt or solution S. J. B; Williams, P. M.; Shakesheff, K. M.; Cannizzaro, S. M.;
polymerization. Kim, I.; Padera, R. F.; Langer, Rangmuir1999 15, 3157-3161.

(41) Kim, Y. J,; Sung, Y. K,; Piao, A. Z.; Grainger, D. W.; Okano, T.;
Kim, S. W. J. Appl. Polym. Sci1994 54, 1863-1872.

(42) Sung, Y. K.; Kim, Y. J.; Kim, S. WChin. J. Polym. Sci1999 17,
113-122.
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