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Dextran surface grafting density was systematically varied via a two-step process involvingrii@tion by
aminopropyltriethoxy silane (APTES) followed by oxidized dextraf,(= 110 kDa) chemisorption. Dextran
oxidation kinetics with sodium metaperiodate (Ngl@ere quantified byH NMR and pH measurements. Aldehyde
group formation increased with increasing oxidation time. For 0.5 h oxidation time, dried film ellipsometric thickness
was constant for solution concentrations ranging from 1 to 4 mg/mL. Dextran layers with the lowest grafting
density wetted fastest and displayed the lowest contact afgiees > 01n > 624n > 6osp. Under aqueous
conditions, AFM force versus displacement measurements on 0.5 and 4.0 h surfaces exhibited a single displacement
jump upon retraction. The 1.0 and 2.0 h surfaces showed two jumps consistent with two populations of chains,
namely, loosely and strongly bound dextran. Overall, film morphology and wetting behavior were relatively invariant
with grafting density, confirming the method’s robustness for preparing biomimetic coatings with consistent
properties.

Introduction highly versatile, because SAMs can be applied to a wide range
_ _ o ) of biomaterials, such as titanium and poly(dimethylsiloxane).
Increasing demands to control biochemical interactions atthe 1o objectives of this study were to prepare dextran coatings
tissue/mater.ial interface have prompted spientists to investigate,iih varying grafting densities and to ascertain whether control-
polysacchalndes and proteoglycans, 'ﬁat"‘{e components of thejng the grafting density would produce significant changes in
glycocalyx: as coatings for biomateriats* Although some  rejevant film properties such as morphology and wetting. For
understanding of such coatings exists, the wettability and spatialihase reasons. atomic force microscopy (AFM) and watg®fH
organization at the biomaterial surface are still recognized as ontact angle goniometry were the primary characterization
the limiting factors in biocompatibility. Therefore, new surface  ,q)s. Tapping-mode AFM has been established as a nonde-
synthetic approaches that will afford reproducible control over g ctive method to characterize the morphology of biofilifs.
the surface morphology of the biomaterial coating are of great Apnv was used to show that all films were relatively smooth

interest. Furthermore, surface characterization must be Per-with similar rms roughness values, about 2.0 nm. However, the
formed with the resolution and under conditions consistent with morphology of dextran layers ﬁrepared with intermedi’ate

the working environment of the biomaterial so that performance yiqation times (1 and 2 h) were determined to be different

can be directly attributed to the structural and functional fom those prepared from short (0.5 h) and long (4 h) oxidation
properties of the coating. Because increased surface roughnesgmes. By measuring the force versus displacement behavior,
can promote protein adhesive as well as micro-embolic events, A can also be used to probe the adhesive forces generated
smooth silicon wafers with a Sisurface layer were chosen  panyeen the tip and the dextran coating as well as between the
as model substrates for subsequent modification. Although not coating and the substrate. These measurements suggest that the
a biomaterial per se, silicon wafers have the advance of reliable|arge features at intermediate times are due to two populations
and reproducible surface modification and lend themselves to ¢ dextran, those molecules covalently grafted and therefore

rigorous characterization techniques. Organosilane 3?|f'as'more strongly bound to the substrate and molecules weakly
sembled monolayers (SAMs)ere used to produce an amine- o nq via nonspecific interactions, such as electrostatic ones,

functionalized SiQ surface (SiQ + APTES) onto which  pheween free ammonium groups on the surface and negatively
oxidized dextran was immobilized via reductive amination. charged dextran.

Some elements of these studies were presented at the 228th
meeting of the American Chemical Society (Philadelphia,
August 22-26, 2004). This two-step modification procedure is Experimental Section
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Table 1. Ellipsometric Thickness (A), Rate of Wetting (ky), and K .
Force of Adhesion (Fagn) for SiO,, APTES, and Surfaces Grafted l-llt' ‘;_‘t,
with Dextran Oxidized for 0.5—24 h ,04%_1;'.0 H
) - HRoM cz%,,u HO’i\r"’
surface thickness? (A)  kw x 103(s™1)  Fagn? (NN)® Aar o Hﬁ/ﬂ

SiO; 21+ 1.0 NA 0 ) O 3 9~

APTES 50+£1.0 2.8 3.0+1.0 2Nalo,

0.5 h Dextran 50+30 35 20410 0 )\ * “%zo

1.0 h Dextran 30420 25 20+10 w%on e N

2.0 h Dextran 20+ 1.0 2.8 50+20 H HD

4.0 h Dextran 20420 3.2 20410 (2 0}&{10 ’ o}krf y

24.0 h Dextran 97.3+17 NA NA " R N aBHACN H o

aDry. b Aqueous. NHz N?{B psﬁefss NHz NH H20 )

H2S04 (96% by assay) and 4, (30% by assay) were obtained from H3CHoCO-3-0-8i-0— H3CH,C0-§i-0-§i-0—

Fisher Scientific. Finally, silicon oxide surfacéd{0—-0[R = 1-5

Q cm) were purchased from Silicon Quest International (Santa Clara,
CA). In all ca;e_s,_the water came from a Millipore flltrgtloh system noside subunits by NalO4 with formation of formic acid, HCO,H, and

and had a resistivity of 18.2€n The extent of dextran oxidation was  gypsequent surface immobilization via reductive amination in the
quantified by'H NMR spectroscopy (Bruker, 250 MHz) via in situ  presence of NaBHsCN. The substrate is silicon oxide, which reacts
monitoring of HCQH production. The NMR results were confirmed  with APTES to provide —NH; functionalized surfaces.

by pH measurements (Denver Instruments model 250 meter and pH/

ATC electrode) conducted at room temperature over 22 h at 30 min subunits, resulting in a highly extended brush in good solvent (i.e.,

Figure 1. Reaction scheme for the oxidation of dextran glucopyra-

intervals. water), whereas long oxidation times would result in a tightly bound
APTES Surface Preparation.Silicon surfaces (3.0 cnx 4.5 cm) molecule. A brief summary of the dextran oxidation chemistry follows.
were etched clean by immersion in “piranha” solution (70%56, The oxidation of the anhydroglucopyranosidg (Figure 1) subunits

and 30% HO, v/v) for 20 min. at 8C°C, washed with copious amounts by NalO, produced the dialdehyde i2)(as well as formic acid. The

of water, and then soaked overnight in water. Afterward, the surfaces reaction proceeded via the formation of two subsequent cyclic periodate
were dried with compressed.(g) and exposed to ultraviolet light in esters and therefore required 2 mol of Naf@r mole of (). The first

a UVO—Cleaner model 144A (Jelight Company, Inc.; Irvine, CA) for  ester was formed by the nucleophilic attack of the vicinal hydroxyls
20 min. This procedure resulted in a homogeneous silanol layer that of carbons C2, C3, or C4 on the iodine of the firstTOThe important
could react with APTES deposited by vapor deposition under inert step of the reaction was the bond breaking between the hydroxyl-bearing
atmosphere in a glovebox. A cylindrical glass jar, 9 cm high by 7 cm carbons. The first bond cleavage produced a dialdehyde one carbon
wide, was the reaction vessel for the APTES deposition. The APTES longer than 2) with a remaining hydroxyl group. The second ester
(2 mL) was transferred into the jar using a graduated syringe. A freshly was formed by the nucleophilic attack of the remaining hydroxyl and
prepared silicon substrate was then laid face down on a 2-cm-high glassone of the aldehyde oxygens. The subsequenrCond cleavage

ring within the glass jar. The vessel was then sealed with Para film produced the final dialdehyde)( and formic acid. Finally,Z), which

and heated at 80C for 1 h in afume hood. At these conditions, the is in equilibrium with its cyclic hydrate 3), underwent reductive
silicon was exposed to an APTES vapor pressure of 4.01°Tbine amination upon exposure to the APTES modified silicon substrates in
APTES modified surfaces were characterized by ATR-FTIR (not the presence of NaB#&N. As a result, stable covalent bonds were
shown). After repeated sonication in water, the presence of adsorptionformed between dextran and the substrate.

bands at 3266 cm (vn—n)° and 1590 cm! (On—n)t is representative Atomic Force Microscopy. All surfaces were analyzed by atomic

of primary amines and is consistent with covalently bonded APTES force microscopy (AFM) under aqueous conditions usin{{Sprobes

on silicon. (spring constant= 0.06 N/m for imaging, 0.32 N/m for force
Dextran Surface Immobilization. The NalQ oxidation of glucose measurements) with reference to work by Lo etaDupont-Gillian

as a facile route to aldehyde functionalization has long been estab-et al.}® and Morra et at” All imaging scans (tapping mode) as well as
lished®? while Dai et al? have successfully immobilized oxidized force of adhesionR.q) measurements were performed with a DI
dextran onto polymer surfaces exposedtbeptylamine gas plasma.  Multimode AFM scanning probe microscope (Veeco Metrology, Chadds
Building on these findings, the present work varied the extent of dextran Ford, PA). A liquid cell was employed for scans under aqueous
oxidation in an attempt to control the grafting density of dextran on conditions. Following Lo et al'} who studied the contamination of
APTES using the follow method. First, 100 mL of aqueous dextran commercial cantilevers, $, probes were cleaned by immersion30
solution (1 mg/mL) was partitioned into five 20 mL aliquots, one for s) in “piranha” solution (70% kSO, 30% HO,, V/v), rinsed with

each oxidation time plus one spare. Next, the amount of N@BH copious amounts of water, air-dried, and then exposed to UV light for
corresponding to 1.5 times the stoichiometric amount of NatQhe 15 min, as per manufacturer’s suggestidithis cleaning procedure
reaction was weighed into four separate 50 mL beakers under anhydrougmost likely resulted in a combination of primarily silanol and some
conditions. After the appropriate oxidation time, the dextran solutions silylamine groups being formed on the surface of the AFM probe. Since
were transferred to the 50 mL beakers containing NgB¥ After the present force of adhesion measurements were conducted under
immediate mixing, these solutions were transferred to Petri dishes aqueous (Millipore, 18.2 &) conditions, the electrostatic contribution
containing APTES maodified silicon wafers. The Petri dishes were then to the tip/surface interaction could not be ignored. The extent of such
left overnight on an orbital shaker. After the dextran immobilization interaction, which is a complex function of pH, van der Waals forces,
time had elapsed, the wafers were removed from solution, washed withand chemical species involved, cannot be easily quantifiédis,
copious amounts of water, and sonicated in water for 30 min. The however, reasonable to assume that it is regulated by an-bai&k
consistency in film thickness (Table 1) and contact angle measurements(i.e., donor-acceptor) mechanism. Therefore, the force of adhesion data
for dextran-modified surfaces were taken as proof of the reproducibility herein presented were collected only after the probe/surface interaction
and robustness of the reductive amination reaction as a synthetic routehad reached equilibrium, as evidenced by unchanging fadistance

to covalently bind aldehyde-functionalized macromolecules onto amine- curves. In so doing, the electrostatic contribution was brought to a steady
terminated surfaces. Further support is found in the literafufe=or state, and therefore considered constant throughout the analysis.
short oxidation times, the dextran can only covalently graft by a few Furthermore, since the same AFM probe was used in the analy%%({f/
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38 70 (eq 1) was followed by in sittH NMR and pH measurement.
3716 160 Both techniques measured the production of formic acid
(HCO.H) by following either an increase in the aldehyde proton
36 o 150 shift of HCO;H (8.26 ppm) or a decrease in the pH of the
35¢ e pH 5 solution. Over 22 h, the percent change between subsequent
140 = . .
T a4l o Calculated pH 3 pH values was used to calculate the percent of dextran oxidation
R A % Oxidation | 37 5 based on the formation of HGE (see Figure 2).
3317 % ®
120 _ Kox
3219 (CcOsH, 9, + 210, + HLO—
L 110 _
3.1 qzQ‘“‘mmmxnzmmmmm (C;O,Hg), + HCOH + 2H,I0,~ (1)
3ol g
o 4 & 12 16 20 24 To determine whether the pH values were solely determined
Time (h) by the HCQH dissociation equilibrium (eq 2), a theoretical pH
Figure 2. Measured (®) and calculated (O) pH values for the NalO, profile was obtained from the rearranged dissociation equilib-
oxidation of dextran. The data were measured at room temperature rium expression of HCEH (eq 3).

every 30 min over 22.0 h. The average difference between the

experimental and calculated values is 2.3%. The percent oxidation Ka _ n

was based on eq 1, namely, production of formic acid during oxidation. HCOzH + Hzo - HCOz + H3O (2)
- 2

all surfaces, the nominal cantilever spring constant of 0.32 N/m provided _ H 3O+][HC02 ] _ [H 3O+]

by the manufacturer (Veeco Metrology) can be considered a global a [HCO,H] [HCO,H]

constant. Imaging scans were acquired at probe velocitiesuoh/4

10 x 10 um?) and 2 um/s (1 x 1 um?). Furthermore, image o

(19 x 20 um) and 2urs (1 x 1 um) ¢ [H50] = yKIHCOH]; 3)

optimization was achieved by increasing the amplitude setpoint until
the probe was fully retracted. Then, the setpoint was reduced in small . :
. : . in which

increments until the probe re-engaged the surface. This procedure

ensured minimum tipsample forces, and therefore, tip-induced artifacts — _

were avoided. Forfe of Fz)aldhesion measurementspwere performed in [HCO,H]; = [(CeOsH; )l x { (PH; — PH;11) x 100 (4)
contact mode under aqueous conditions. The scan size was set to zero
prior to the engagement of the tip onto the surface. The scan rate was
0.5 Hz, and the scan length was lutn. Five force of adhesion
measurements (i.e., curves) were collected on five separate location

of each surface, resulting in a total of 25 measurements per oxidation . ) :
time. the experimental pH values decrease exponentially during the

Scanning Electron Microscopy.The SN, probes used inthe AFM  €@rly stages of the oxidation, 6-8 h, and then approach a pH
analysis were imaged and analyzed by scanning electron microscopy©f 3.1 after 22 h. The initial rapid decrease in pH indicates that
(SEM) using a Joel 6400 scanning electron microscope (Peabody, MA). the oxidation of dextran by Nals rapid, reaching completion
For some cases, probes were sputter-coated with Au to reduce charging@fter about 15 h. The calculated pH was an average of 2.3%
Energy-dispersive X-ray spectra (EDS) were also collected (10 kv, less than the experimental values, with the largest difference
230 s) to identify and map the elements including Si, O, N, and C.  occurring during the early stage, i.e., 88 h. To account for

Contact Angle. Using a 1uL sessile drop, water contact angle this difference, the equilibria associated with the meta-periodate
measurements were performed at room temperature and humidityion in water (eqs 57) were also considered in calculating the
conditions. The analysis was performed with a Ra#®et (Mountain pH valued®-22
Lakes, NJ) model 100-00 goniometer with a software-controlled auto-
pipetting system and the DROPimage advanced software package. The
contact angle was determined by a numerical curve fit of the droplet
profile at the three-phase boundary as captured by a CCD camera. K
Advancing/receding measurements were conducted at room conditions By - +
by varying the volume of the #© drop, initially at 1uL, from 2to 5 H5lOs HOg +H ©)
uL in 1 uL increments over 60 s. Data were collected between 1 and K,

5 min at 5 s intervals and resulted from measurements of at least three HOs — H™ 4+ HylO4%~ (7)
drops on at least three different regions for each sample. After each
advancing and receding step, a five second relaxation period (data notThe amount of IQ~ lost to the hydration reaction described by
shown) was allowed prior to the next volume change. Room- equilibrium 5 (reverse reaction) was calculated usingplds
temperature relaxation measurements were conductedaogemin. the equilibrium constant, wherp = 40.7422 Using this
time period to avoid evaporation. The drop had not reached equilibrium ¢gonstant to determine #0671, [HsIOg] can be calculated from
within 1 min on any surface. The analysis time did not exceed 5 min. the reverse reaction of equilibrium 6, whe¢e = 0.000 50122
Equilibrium 7 is not a factor, becaus&; = 2.04 x 1077.22
Results and Discussion Because H is consumed, the reverse reaction of equilibrium 6
is the only one that could account for the higher experimental

Dextran Oxidation and Grafting. Dextran coatings were  pH values. However, including this correction to[ld does
prepared by a two-step process involving the oxidation of not change the calculated pH values significantly. This observa-
dextran followed by dextran grafting to aminated silicon. The tion confirms that the 1@~ equilibria (egs 57) do not affect
grafting density was controlled by varying the concentration of the overall pH of the solution and that the disparity between
aldehyde subunits (i.e., potential attachment points) along thethe calculated and experimental pH values most likely results
dextran backbone. The Nal@xidation chemistry of dextran  from instrument and operator error. CDV

By using the initial dextran concentration, §@sH1o)n]o, t0
determine the amount of HGE produced at a given time, the
JH can be independently determined from the amount of
oxidized dextran. Figure 2 shows that both the calculated and

KD —
H, 0, — 10, + 2H,0 (5)
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Figure 3. Concentration of oxidized dextran (dotted line) and formic Figure 4. Dynamic contact angles for water on APTES and dextran
acid (dashed line) as a function of oxidation time. The concentration grafted surfaces. Using 1 uL increments, the drop volume increased
of 104~ (solid line) decreases at the same rate as the oxidized dextran from 2 to 5 uL during advancement and decreased from 5 to 2 uL
and formic acid increase in agreement with the proposed reaction during recession. As the water advanced across the surface, the area
scheme. The percent oxidation of dextran (@) is taken from Figure 2. of the drop increased from 4.3 to 8.6 mm?,
Figure 3 shows how [IQ];, determined from eqs 57, because of mutual repulsion be_tween _the slightly negatively
oxidized dextran or [ox. dex,Jand formic acid or [HCGH]; charged glucopyranoside subunits, which tend to expand the

vary with oxidation time. The [IG]; profile initially decreases molecule, as well as possible attractive interactions between
rapidly and then approaches a constant value after approximatelythese subunits and the substrate. Further studies using salts to
16 h, in agreement with the pH behavior in Figure 2 (vide supra). screen the repulsive interactions between molecules are worth
Furthermore, the [IQ']; values were corrected for the amount Pursuing.
of 104~ lost to HiIOs~ because of the hydration reaction ~ Wetting. Figure 4 shows the advancing and recedingH
described by equilibrium 5. This amount wa®.5% of the contact angles under ambient conditions for the APTES and
initial 104~ concentration. The concentration of oxidized dextran dextran grafted surfaces. The advancing contact angle on APTES
shown in Figure 3 mirrors the [I9]; data, and is consistent (Hi‘,lTES) was 60.5+ 1.1°, in good agreement with published
with a 2:1 ratio between 1§ and dextran (eq 1). Although the  values for both solutiolf and vapot* deposited APTES. For
amount of oxidized dextran and formic acid produced have the dextran surfaces prepared from 0.5, 2.0, and 4.0 h oxidation
identical stoichiometries (i.e., 1:1 ratio, eq 1), Figure 3 shows times, the§® values were similar, 4953°, whereas the 1.0 h
that [HCQH]: is lower than [ox. dex] It is important to note case displayed®values similar to APTES. This latter behavior
that the [HCQH]; data do not represent the total HGO may be attributed to exposed APTES as noted in a subsequent
produced by the oxidation of dextran, but rather the amount section (vide infra). Finally, as theJ8® volume, and therefore
that is in equilibrium with its conjugate base (eq 2). Therefore, area, of the drop increased from 2 taub (4.3—8.6 mn¥), the
the difference between [HGA]; and [ox. dexJis the amount advancing contact angle values for all dextran grafted surfaces
of HCO,™ produced according to the dissociation equilibrium remained within 2 of the preceding value. This consistency in
of HCOH. advancing angles suggests a uniform coverage of dextran.
The percent oxidation of dextran shown in Figures 2 and 3  For dextran grafted surfaces, the receding contact affe (
is important, because it determines the maximum possible Values were less thaé*’, and their difference|6=® — 6",
grafting density of dextran, which is the number of attachment represents .the contact angle hysteresis. In general, hysteresis
points that dextran could theoretically have with APTES if all can be attributed to surface roughness, surface heterogeneity,
the aldehyde groups reacted with all the availablbiH, s_olu_t|on impurities, or molecular rearrangements due to the
moieties. A direct measure of the reactelH, groups by either liquid droplet. Because dextran is readily hydrated by water,
FTIR or NMR was beyond the scope of this study. Rather, an the molecular rearrangements, as pointed out by Andpaahel
indirect measure of the dextran grafting density can be obtainedHolly et al.?® can occur to minimize the interfacial tension
by analyzing the morphology of the grafted layer by AFM as between_the water droplet and o_lextran. Figure 4 shows that the
shown later in Figure 5. Although a direct comparison between Nysteresis of dextran surfaces is greater than that of APTES,
percent oxidation and film morphology is not possible, a Cconsistent with dextran molecules undergoing conformational
qualitative comparison is meaningful and consistent with starting changes upon hydration. Conformational freedom is expected
hypotheses. Namely, at low oxidation (i.e., 0.5 ingizidual to depend on the number of anchoring points which determines
dextran molecules form relatively few bonds with surface sites, the “loop” length between anchors. However, a systematic trend
because the number of oxidized glucopyranoside subunits per"\{'th_ increasing _OX|dat|on is not observed. Qualitatively, the
molecule is low. Because molecules are strongly hydrated angSimilar hysteresis values for the 0.5, 2,daé h samples are
extend away from the substrate (i.e., polymer brush), many consistent with their similar m_orpholog_y. As desgrlt_)ed later (cf.,
dextran molecules are able to access the surface sites to producgigure 5), these samples do indeed display a similar number of
a high grafting density of molecules per surface area. As percent® "M features.
oxidation increases, many surface sites react with a single In contrast to 6%, Figure 4 shows tha®, decreased
molecule resulting in a more tightly bound molecule and a lower strongly with time as the yO drop receded back to its original
grafting density. A premise of this paper is that an increase in volume on the dextranized surfaces. In contr#} g re-
dextran oxidation (e.g., Figures 2 and 3) will decrease the mained constant, 50.% 1.6°, consistent with a smooth,
grafting density of molecules (i.e., one molecule takes up more homogeneous surface that remains unaltered by the water
surface sites). The precise relationship is rather complicateddroplet. Becaus#,, decreased on dextran grafted surfa%:BV
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1639 — @' | also increased as contact time increased. This 0.5 h 1.0h

dex dex|
behavior is consistent with the rearrangement of dextran
molecules during the time of contact between the water droplet
and the dextran. Because each advancing and receding measur
ment was 30 s in duration, the initial contact area on the dextran
surface was hydrated the longest. Therefore, the grafted dextrar
chains in this area had the longest time to rearrange and adop
a conformation that minimized the interfacial tension, which,
in turn, resulted in a decrease @f;, This observation
demonstrates that the kinetics of hydration can be extremely
rapid and that molecular rearrangements can occur within 1 min2.0 h
under ambient conditions.

Further, to understand wetting kinetics, contact anglesgere
measured over 60 min using constant volume drops on all
surfaces. Within experimental limits, complete wetting (contact
angle < 5°) was observed for the freshly prepared sihd
dextran grafted surfaces prepared from the 24.0 h oxidized 6 8 10 6 g 10
dextran. The rate of wettindx) was determined from the slope pm pm
of In 6 versus time and is summarized in Table 1. No clear Figure 5. Aqueous AFM topography scans for dextran grafted
trend is observed with increasing oxidation time. However, the surfaces (Z scale = 20 nm). The scans were collected in tapping
rate of wetting was consistently faster on the 0.5 h surface (i.e., mode using a SisN, cantilever. The rms roughness as well as feature
lowest grafting density). This observation may suggest that the _density, diameger, and height are given in Table 2. The xy scan size
loops between grafting points can quickly rearrange upon 'S 10 x 10 #m*
hydration. Table 2. Comparison of the RMS Roughness, Height, Diameter,

In recent years, Sackmann and co-workers have prepared an@nd Density of Dextran Features as a Function of Dextran
characterized thin hydrated dextran films on silanized substrates OXidation Time
Although the details of their approach differ from those in this  oxidation

40h

paper, the properties of the dextranized films from our work time roughness height diameter density
are in general agreement with those of Sackmann and col-  (h) (nm) (nm) (nm) (lum2)
leagues’28 They report a mean thickness of 3t91.1 A for 05 17405 54457 485+335  26.8
dextran covalently attached onto silanized glass prepared by the 14403 48436 5944356 149
vapor deposition of 4-aminobutyldimethylmonomethoxy silane 2 12405 43+38 5254352 13.3
(ADMS). Although this silane contains a butyl link instead of 4 19408 50453 48.6+37.4 16.6

the propyl in APTES, the thicknesses of ADMS and APTES
are consistent (see Table 1). In their studies, the advancmgroot-mean-square (rms) roughness2 nm, did not change

contact angle of dextran wa? = 55, in agreement with the appreciably with increasing oxidation time. The diameter and
value of 97¢ = 60.5’ reported in this present work. the density of dextran features, however, displayed different
The properties of dextran functionalized surfaces in the trends as the oxidation time was increased. The diameter
present paper are also consistent with earlier work by Kuhner jncreased as the oxidation time increased from 0.5 to 1.0 h and
et al?” who immobilized 500 kDa dextran onto 3-glycidylox-  then gradually decreased with time (i.e., 2.0 and 4.0 h). The
ypropyltrimethoxy (GOPTS) silanized substrates. After a 24 h density of dextran molecules per area, on the other hand,
incubation of the GOPTS functionalized substrates in a 300 mg/ decreased after 0.5 h of oxidation, and moderate|y from 1.0 to
mL dextran solution, dextran layers with an average thickness 2.0 h. After 4.0 h, the density increased to a value similar to
of 101.6+ 5.2 nm were produced. Although their approach the 1.0 h case. Comparison of the rms roughness and the

uses an organosilane with a different endgroup and much greategiameter values revealed a repeating trend whereby the shortest,
dextran concentrations, the thickness of dextran is similar to 0.5 h, and longest, 4.0 h, oxidation times resulted in surfaces

our Study at the same immobilization time (i.e., 24.0 h) As having similar characteristics.

indicated in Table 1, we find a thickness of 9231.7 A upon Before attempting to rationalize the trends in feature char-
incubating APTES functionalized Sjn solutions containing  acteristics, it is important to note that all dextran modified
110 kDa dextran oxidized for 24 h. Because our procedure andsyrfaces were prepared from 1 mg/mL dextran solutions. This
that of Kuhner et at’ produce dextran coatings with similar  concentration was well below the overlap lingt, which for

properties, despite differences in specific conditions and materi- 110 kDa dextran was 2629 mg/mL according to Catalina et
als, dextran immobilization via reductive amination represents |29 and Hirata et a$° Furthermore, the radius of gyratioRg,

a robust methodology for the controlled biofunctionalization of for this molecular weight is 912 nm223° Therefore, the

organo-reactive substrates. mechanism of attachment is most likely consistent with the
Morphology. Figure 5 displays representative topography scheme in Figure 1, namely, that the features form when the
scans of the dextran grafted surfaces over an area ofril& oxidized dextran from solution interacts with the surface-bound

10 um. In all cases, dextran features are uniformly distributed dextran, as opposed to free dextran chains aggregating in
across the substrate. Two-dimensional AFM imaging scans weresolution and subsequently reacting with the Si© APTES
used to characterize the height, surface roughness, diametersubstrate. This assumption is critical if the surface parameter
and density of dextran features over an area of 408. For data are interpreted in terms of the dynamics of the dextran
noncircular features, the diameter was calculated from an layer.

equivalent circle having the same area as the real feature. The Although the data do not support a direct connection between
data are given in Table 2. Note that the heigh, nm, and the the dextran oxidation time and the surface features obseé\fg\(}
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Figure 6. Representative tip—sample separation curves for force measurements between a SisN,4 tip and surfaces under aqueous conditions.
The cantilever was held static as the surface was oscillated by an amplitude of 1 um at a frequency of 0.5 Hz. The surface and cantilever were
allowed to reach equilibrium prior to the measurement. The approach trace is the dashed line in each panel. Surfaces were as follows: (A)
SI0; (B) APTES; (C) dextran, 0.5 h; (D) dextran, 1.0 h; (E) dextran, 2.0 h, and (F) dextran, 4.0 h.

by AFM, it is still informative to make tentative correlations. that varying the oxidation time of dextran in the ©4.0 h time

The morphology changes observed in the images of Figure 5range did not affect the surface morphology in thdirection

are qualitatively consistent with an increasing grafting density (i.e., height) but rather in they plane. This point is partially

on a per molecule basis associated with increasing oxidationsupported by the values recorded for feature diameters. As the
time. Recall that, as the extent of oxidation was increased, moreoxidation times were increased from 0.5 to 1.0 h, the feature
glucopyranoside subunits of dextran were converted to dialde- diameters increased by 18%, indicating, as expected, a greater
hydes (see Figure 1), which then reacted with APTES to produce(i.e., more continuous) coverage of the dextran layer. The
a more tightly bound dextran layer with a low grafting density remaining surfaces, 2.0 and 4.0 h, exhibited feature diameters
of dextran molecules on a per area basis. It is reasonable tosimilar to those of the 0.5 and 1.0 h surfaces, respectively, which
assume that a more tightly bound dextran layer would result in cannot be rationalized with the present interpretation. Overall,
a continuous surface with fewer asperities. Therefore, as thewe find that, with the exception of the feature density, the
oxidation time, and consequently the number of possible bondsmorphology of the dextran surfaces did not vary significantly.
to APTES, was increased, the resulting dextran layers shouldWe take this to be an indication of the robustness of the grafting
have been more continuous and thicker. This, however, waschemistry used in preparing these surfaces. This behavior is
not observed entirely. If we consider the density of dextran consistent with the decrease in density of dextran features with
features to be a relative measure of the continuity of the dextranincreasing oxidation time noted in Table 2. However, as the
layer, then the surface corresponding to the shortest oxidationoxidation time increased, feature height remained relatively
time, 0.5 h, resulted in the highest density of dextran features, constant, whereas the density decreased and the feature diameter
as expected. The feature density for the remaining surfaces (1.0jncreased. These observations suggest that the grafted dextran
2.0, and 4.0 h), however, did not vary appreciably, as noted in chains occupy a greater surface area as the oxidation time, and
Table 2. Furthermore, the height of the dextran features did not therefore the number of possible covalent bonds, is increased.
change significantly for all surfaces. This leads us to believe Such increase in area of coverage would result in wider de>&r6{1/
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20 between the-OH terminated AFM probe surface and thélH,
15| of the APTES.
N The dextran modified surfaces exhibited forakistance
10 ¢ : : : : : curves that depended on oxidation time. In particular, the 0.5
5 sl I |l P and 4.0 h surfaces showed single pullout deflections, whereas
B ! L : ! the 1.0 and 2.0 h surfaces exhibited multistep pullout profiles.
E: 0 : | ; | } Although the forc'etljhstance curves §hown for. these two
5| | |l WA surfaces are statistically representative, a unique physical
) : : | ! : interpretation is difficult. However, one can speculate about the
10} I I Il origin of the features in a manner consistent with the morphol-
I I I : l ogy of the dextran. The larger feature diameters associated with
-15 60 85 70 75 80 85 the 1.0 and 2.0 h oxidation times may result from loosely
noncovalently bound dextran molecules. The origin of the
nm loosely bound dextran can be explained by interchain entangle-
Figure 7. Representative retraction trace for the 2.0 h dextran surface ment between the “loops” of the covalently bound dextran and

obtained by AFM with a SizN4 cantilever under aqueous conditions.
The trace can be divided in the following segments: (a) Deflection
of cantilever due to initial adhesion onto unperturbed dextran layer,

loosely bound, extended dextran. We hypothesize that these
extended, trapped molecules can be partially detached by the

13.3 nm. (b) Pulling off of dextran feature from surface. At this point retracting AFM probe. Prior to complete pulloff, the loosely

the dextran polymer is still coiled and connected to both the cantilever bound dextran could extend between the sample and the AFM
tip and the surface, 2 nm. (c) Stretching of dextran coil as surface is probe surfaces and produce a second disengagement step as
retrac':yng from _cannlever. The cantilever does not move during the noted in the 2.0 h oxidation case (see Figure 7). The more
uncoiling as evidenced by the plateau, 11.7 nm. (d) Fully elongated « ” .

dextran polymer snaps, disconnecting the cantilever tip from the jagged ?ppearaﬁce of the retractl(_)n trace for the 1.0 h sur_face
retracting surface, 4 nm. (e) Initial equilibrium position of cantilever. can be similarly interpreted. In this case, however, multiple

dextran adsorption events occurred, or the AFM probe was

features (i.e., larger diameter) while not affecting the height of relea}sed from adhesive interaqtion with dextran chains of
the features significantly. Furthermore, because of the increaseVa'ying length'” The mean adhesion force valu€sd;) shown
in the base of the features, fewer could form over the 4100 in Tgble 1 were calculated from the negative deflection of the
area of interest. Consequently, the density of dextran featuresc@ntilever during the retraction step. Although the 2.0 h surface
would appear to decrease. This interpretation seems valid up!S an outlier, an overall trend is observed, namely, that the 0.5
to the 4.0 h oxidation point. As mentioned earlier, this surface and 4.0 h oxidized samples have similar adhesive characteristics
behaved similarly to the 0.5 h surface. Although the present @S Well as a proposed preponderance of grafted chains. It was
data is not conclusive, an explanation consistent with the also observed that the “jump to contact” (i.e., dip) of the AFM
previous interpretation is that, at some point between 2.0 and Probe during approach occurred at larger distances for the 1.0
4.0 h of oxidation, the Si@+ APTES substrate was no longer and 2.0 h surfaces than it did for the 0.5 and 4.0 h surfaces.
accessible to the oxidized dextran. In the case of the 4.0 h This phenomenon is consistent with the presence of an
surface, this resulted in interchain conglomeration between the “extended” dextran layer which increased the effective hydrated
solution and the surface-bound dextran, whereby the 4.0 h pointthickness of the 1.0 and 2.0 h surfaces. Conversely, the 0.5 and
marked the onset of a multilayer dextran surface. This inter- 4.0 h surfaces, because of their denser grafting to the substrate,
pretation is further substantiated by surfaces prepared usingdave rise to smaller “loops” which did not promote chain
dextran oxidized for 24 h (see Table 1) where the ellipsometric €ntanglement, and therefore appeared “thinner” in the aqueous
thickness values were a clear indication of a multilayer scenario. €nvironment in which the measurement was conducted. The
Adhesion MeasurementsTo probe the compliance and the JUMP to contact observed for the APTES surface occurred at
force of interaction, force of adhesioRi() measurements were &N €Ven greater distance. Nevertheless, it cannot be compared

conducted on the dextran layer under the same conditions adwith the trends observed for the dextran surfaces because of
the AFM experiments. The data are shown in Figures 6 and 7, the structural differences in the hydrated state of APTES and

which summarize the qualitative as well as quantitativg( dextran.

values, Table 1) aspects of the measurement. Representative To verify the hypothesis that loosely bound dextran detached
force—distance curves in Figure 6 readily show the differences from the 1.0 and 2.0 h surfaces, the AFM probe used in the
in the extent and the nature of the forces of interaction betweenforce of adhesion measurements was analyzed by scanning
the AFM probe and the different samples. The two traces electron microscopy (SEM). Imaging scans as well as composi-
correspond to the approach of the sample surface toward thetion maps comprise the analysis (data not shown) for the
stationary AFM probe and the retraction of the surface from following elements: Si, O, N, and C. Also included in the study
the probe. As expected for a hard substrate, the fodégtance ~ were as-received probes, as well as those cleaned wHIDHA
curves for the unmodified Siurface did not record any jump  H20». The results indicated that the contamination from shipping
to contact during the approach step or deflection during the material, primarily PDMS, on as-received probes is a serious
retraction step. This lack of interaction between probe and SiO consideration and that, furthermore, the cleaning procedure
surface confirmed the validity of the cleaning procedure suggested by Lo et &kis effective in eliminating contaminants.
suggested by Lo et &k Furthermore, the absence of any The SEM data obtained from AFM probes after the cleaning
attraction between the sample and the probe supports theprocedure were compared to the same probes after they were
assumption that silanol groups comprise the AFM probe conditioned on the 1.0 and 2.0 h surfaces. The imaging data
primarily as a result of the cleaning procedure. In the case of revealed the presence 8200-nm-sized features near the apex
the APTES modified Si@ the force-distance curve revealed of the probes. Furthermore, the carbon content on the surface
substantial attractive forces. The main component of these of the probes increased dramatically after the adhesion measure-
attractive forces is most likely the doneacceptor interaction ~ ments were performed, suggesting that the features obsg&?
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in the imaging scans were physisorbed dextran that was pulled (3) Hartley, P. G.; McArthur, S. L.; McLean, K. M.; Griesser, H. J.

off the surface during the retraction step of the adhesion Langmuir2002 18, 2483-2494. _
measurements. (4) Mason, M.; V_ercruysse, K P.; KII‘KEI’, K. R Frisch, R.; Marecak,
D. M.; Prestwich, G. D.; Pitt, W. GBiomaterials200Q 21, 31—36.
(5) McArthur, S. L.; McLean, K. M.; Kingshott, P.; St. John, H. A. W.;
Chatelier, R. C.; Griesser, H. Qolloids Surf., B200Q 17, 37—48.
(6) Elender, G.; Kuhner, M.; Sackmann, Bosens. Bioelectrorl996
. . . . . 11, 565-577.
Controlling the NalQ oxidation chemistry of dextran is a (7) Pang, D.; Vidic, B.; Rodgers, J.; Berman, B. L.; Dritschilo Radiat.
suitable approach to preparing biomimetic surfaces having Oncol. Invest. 1997 163-169.
varying grafting densities. As expected, the density of dextran (8) Wang, Y.; Song, R;; Li, Y.; Shen, $urf. Sci.2003 136-148.

features on the SO+ APTES substrate decreased with ~ (9) Ditsent, V. E.; Skorokhodov, I. I.; Terenteva, N. A.; Zolotarev, M.
N.; Belyakova, Z. V.; Belikova, Z. VZh. Fiz. Khim.1976 50, 1905~

Conclusion

increasing oxidation times and therefore increasing number of 1906
covalent bonds. The wettability data for the dextran modified (10) Lin-vien, D.; Colthup, N. B.; Fateley, W. B.: Grasselli, J. The
surfaces was unexpected in that the shortest oxidation time Handbook of Infrared and Raman Characteristic Frequencies

surface, 0.5 h, exhibited the fastest rate and the largest extent an éiadsemli_c Erlessé IIBOSNtQU,t199L1L- 2003 19, 34613471
; i ; , S.; liskola, E. I.; Ninisto, LLangmuir , — .

ﬁf .Wﬁttt'gg' A?ueousd ’Z‘FM _tlmag|r;g _affofr(;edtthe frOL:ghnes_I::‘,H (12) Hughes, G.; Nevell, T. Pirans. Faraday Socl948 44, 941-948.

eight, diameter, and density analysiS o dextran tea ureg. . e (13) Abdel-Magid, A. F.; Carson, K. G.; Harris, B. D.; Maryanoff, C.
data revealed that the 0.5 and 4.0 h surfaces had similar A Shah, R. D.J. Org. Chem1996 61, 3849-3862.
properties, while the 1.0 and 2.0 h surfaces behaved differently. (14) Hajos, A. Studies in Organic Chemistry; 1EIsevier Scientific
These observations can tentatively be explained by considering Publishing: New York, 1979; pp 6265.
that surfaces prepared with 0.5 h oxidized dextran resulted in (1%) Lo, Y.; Huefner, N. D.; Chan, W. S.; Dryden, P.; Hagenhoff, B.;

. Beebe, T. PLangmuir1999 15, 6522-6526.

complete coverage of the SiO+ APTES substrate. Upon (16) Dupont-Gillian, Ch. C.; Faurox, C. M. J.; Gardner, D. C. J.; Leggett,
preparation of the 1.0 and 2.0 h surfaces, however, oxidized G. J.J. Biomed. Mater. Re2003 67A 548-558.
dextran chains were not able to approach the amine-terminated (17) Morra, M.; Cassineli, C.; Pavesio, A.; Renier,DColloid Interface
substrate and, therefore, physisorbed onto the already covalently (18) g?éiti??r?stzrgr?ﬁezr?tg_éﬁigdelines for fluid operation with a MultiMode
bound d(_extran. The force o_f adhesion data conf_|rmed this AFM. Veeco Metrology Support Note No. 290, Rev. C: Veeco
hypothesis further, as was evidenced by the retraction trace of Instruments, 2004; pp-121.
the force-distance curves. The multistep disengagements of the (19) Senden, T. J.; Drummond, C.Colloids Surf., AL995 94, 29-51.
AFM probe from these surfaces are consistent with the presence (20) Buist, G. J.; Hipperson, W. C. P.; Lewis, J.DChem. Soc. A969
of physisorbed dextran. Finally, because of the similarity 2, 307-312.

- (21) Buist, G. J.; Bunton, C. Al. Chem. Soc., Abstt954 1406-1413.
between the 0.5 and 4.0 h surfaces, it was thought that the later (22) Crouthamel, C. E.: Hayes, A. M.; Martin, D. %. Am. Chem. Soc

one marked the onset of multilayer dextran formation. 1951, 73, 82—-87.
(23) Rankl, M.; Laib, S.; Seeger, €olloids Surf., B2003 30, 177—
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