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Size exclusion and diffusion of fluoresceinated probes within collagen fibrils
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The diffusion of fluoresceinated probes inside single collagen fibrils was investigated by imaging the mi-
gration of fluorescence along the fibrils in oil and by monitoring fluorescence recovery after photobleaching
(FRAP). Probes were excluded from the fibrils according to their size. Probes that were not excluded diffused
in the fibrils, but FRAP occurred$ 10 “ times more slowly than in water due to binding interactions between
collagen and the probes. The dissociation constant of the fluorescein-collagen complex was determined
(Kp=1.8£0.1uM).
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[. INTRODUCTION should further illuminate their structure and may also be rel-
evant to biological processes.

Collagen fibrils are one of the most important components One way to probe the inner structure of a “tubelike” ma-
of animal tissue, pervading a wide variety of extracellularterial is to measure the diffusion coefficient of molecules of

environments, such as bones, tendons, or ligaments. C lifferent size during their migration inside the material. In
lagen account’s for a tissue’s m;echanical ’prope[ﬂiaa and.  this vein, we undertook to determine the translational diffu-

therefore, understanding its structure and biochemistry ision of small fluorescent molecules in collagen fibrils by
. ' Tluorescence recovery after photobleachiffeRAP). Al-

crucial for the development c_>f new therap{es. Howeyer, though this technique has less spatial resolution than imaging
although many works have investigated the formation a”@echniques like AFM or x-ray diffraction, it can provide dy-
structure of collagen fibrils, a definite picture has yet tonamic information on anisotropy, free volume, and viscosity.
emerge. Different models have been proposed, ranging fronm the case of collagen fibrils, technical challenges arise due
long-range ordere(trysta) to disorderedliquid) to a com-  to the severe aspect ratio of the fibrils and the extraordinary
bination of both. stickiness of collagen.

Fibrillar collagen are rodlike molecules about 300 nm in  Studies of diffusion in microscopic fibers are relatively
length and about 1.5 nm in diamefd. They assemble into are. Rattee and Sd8] measured the diffusion of radioac-
cylindrical fibrils that range from 10 to 500 nm in diameter fiV€ tracer in polyamidenylon 66 fibers a few tens of mi-

[5], depending on the age and type of collagen. The concerfrons in d_iameter. Sonet al. [19] also studied diffusion i|_1
tration of collagen in the fibrils is around 4 mf4]. From nylon 66 fibers. They used a laser scanning confocal micro-

: . . scope to measure the radial diffusion of fluorescein. As for
electron microscopyEM) [6,7] and x-ray diffraction[8], @  pjgjogical fibers, Papadopoulcat al. [20] studied protein

molecular organization was suggested with molecules stagitiysion in living skeletal muscle fiber bundlgd0—100
gered axially to create of 67 nm banding. This banding is  ;m). And our group recently conducted a study of diffusion
also observed in atomic force microscopy imafg&40]. The  of a reversibly binding ligand in microtubule bundlgs-10
lateral arrangement, however, is not as well determined. Usum) [21]. Here we report the feasibility of measuring diffu-
ing x-ray diffraction, Hulmeset al. [11,12 made observa- Sion in single biological fibers<500 nm in diameter using a
tions consistent with a quasihexagonal packing, while othepimple experimental FRAP setup.
studies show liquidlike ordef13—15. Accordingly, lateral
spacings ranging from about 1.1 to 4 nm were reported
[7,16]. A. Sample preparation
Recently, surprising evidence for lateral inhomogeneity in For all solutions prepared for imaging, the buffer was
the structure of individl_JaI collagen fibrils has emerd&d|. PBS (pH=7.4, Sigma with 2 mM sodium l';lzide. Fluores-
From atomic force microscopyAFM) measurement and cein was purchased from Signtécid Yellow) and hydrated
fibril manipulation using micropipettes, it was observed thaty, 5 final concentration of 5 mg/nil5 mM). Fluoresceinated
collagen fibrils collapse in a tubelike manner. This suggestgextran of mean molecular weightl,,=1500 and M,
that collagen molecules are more heavily cross-linked in an-ggoo(Molecular Probes hereafter referred to as 3 kD and
outer region(shel) and more fluid in the inner regioitore 10 kD dextran, respectivelyfollowing the manufacturer’s
of a fibril. denominatiof, were hydrated to a concentration of 50
It is natural to wonder if this tubelike character extends tomg/ml (33 nM and 6 mM, respectively Tendons were ex-
transport as well as mechanical properties of collagen fibrilstracted from tails of mature rats sacrificed for other experi-
The study of transport properties inside collagen fibrilsments. Tails were stored frozen for several weeks before the
experiment.
For samples imaged in aqueous solution, thawed tendons
*To whom correspondence should be addressed. Electronic mailvere immersed in dye solution overnight at 4°C. Once
deborah@physics.ucsb.edu stained, tendons were shredded in a Petri dish containing

Il. MATERIALS AND METHODS
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B. FRAP setup

The FRAP setup consisted of an inverted microscdie
70, Olympusg coupled to a 25-mW argon ion lasgon Laser
Technology (Fig. 2). Blue light (488 nm) from the bottom
arc lamp was used to visualize the whole sample and locate
single collagen fibrils. Then the laser beam, focused from
epoxy above through a low-power 0.9 NA condeng@lympus,
was positioned on the fibril of choice. Observations were
performed with a 108/1.35 NA oil objective. The emitted
N fluorescence passed through a dichroic mirror and an inter-
coverslip ference filter (568 60 nm). Images were recorded directly
_to computer RAM via a CCO1310 camera, DVLand a
_ FIG. 1. Flow (_:eII used for_FRAP_measurements. The Co"efs"pframe grabbetPixci, Epix) using the software control pack-
is glued to the slide on two §|des with epoxy. The two .other S'desageXCAP (Epix).
are left open. Buffer |s.appI|e_d to one side with a pipettor and In reading mode, the laser power was set on (BwnW)
sucked out the other using a kimwipe. and two neutral density filters attenuated the beam. In bleach
mode, the laser power was set on hig@bd mW) and the
PBS and left soaking for 1 h. This process removed dyaeutral density filters were removed. The spot was Gaussian
trapped between fibrils and was crucial for imaging. Soakeavith a width of 5um. By measuring with a power meter the
fibrils were gently spread on a microscope slide and coverethtensity of the laser beam at the sample position, the power
with a coverslip larger than the slid&ig. 1). The sample used for bleaching was found to be roughly 20° times
was then sealed on two sides with epoxy. This left a flongreater than for reading. Switching between modes required
path that was accessible during observation on an invertell s, which was fast compared to the time scale of fluores-
microscop&Fig. 2). The sample was rinsed by applying dye- cence recovery observed.
free buffer to one of the open ends of the coverslip with a As a control, FRAP measurements were performed on
pipettor and withdrawing from the other using a kimwipe. fluorescein and fluoresceinated 3 kD dextran freely diffusing
For samples imaged in oil, thawed tendons were dissectei@d a solution of 80% glycero{Acros) in water at a concen-
into fiber bundles, which were then spread onto a standartfation of 66 and 25uM, respectively. The viscosity of this
microscope slide. One end of a fiber bundle was covered in 8olution was approximately 60 times greater than that of wa-
drop of mineral oil(Fisher Scientifitand the other in a drop ter [22]. The high viscosity slowed diffusion enough that
of fluorescein or fluoresceinated dextran in PBS. The bundlétegration times of 0.25—1 s could be used. With shorter
was then covered with a coverslip and sealed with epoxyintegration times, the detected intensity was low and experi-

After a few hours, fibrils in the oil region could be seen by mental signals were noisy.
fluorescence. All experiments were carried out at room temperature.

slide

C. Image acquisition and data analysis

Before imaging, samples were rinsed with 0.5-1 ml
(25-50 times the cell volumeof PBS in the flow cell until

As laser AN .
the background became dark compared to the fibrils. Then a
NO filters fibril of interest was illuminated with the laser beam and
condenser

{switch) bleached while images were recorded by the computer.
To limit photobleaching during observation, a shutter let
the beam through only during image acquisition, which was
sample [RE—— about 1/3 of the total observation tim{i600—1200 s The
intensity of nonbleached samples was constant over the ob-
servation time under all conditions. Thus photobleaching
Hg arc lamp _” during recovery was negligible. Reversible recovery of pho-
tobleached molecules was also ignorable since the associated
== emission filter time scales are typically on the order of millisecon@s).

For measurements on collagen fibrils, typical integration
times and capture intervals were 2.5 and 7.5 s, respectively,
with fluorescein and 4 and 12 s with fluoresceinated dextran.
In glycerol, the total observation time was 10 times shorter

FIG. 2. Schematic of the FRAP experimental setup. The samé60—120 $ and the integration time ranged from 0.25to 2 s.
laser beam is used to bleagteutral density offand to monitor the The total intensity of the region of interest was integrated
recovery of intensitfneutral density on The arc lamp is only used for each image and then plotted against time. In glycerol and
to visualize the whole sample. The objective is a20D.35 NAoil  collagen samples, all curves were best fit to a biexponential
immersion. decay. But deriving the diffusion coefficient from any of the

shutter

excitation filker objective

CCD camera
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times scales obtained from the fits is not straightforward T " . T SRR
[24,25. Instead, results were compared to those obtainec ool /-\_/ ———n % )
from a sample of known viscosif{24]. Following Kao, Ab- E A ]
ney, and Verkmarnt,, was determined from F " /

1(0)+1(2) K" (M)} // -
I(tlIZ): 2 ’ (1) 100 |- /A 4
where | (0) is the intensity measured from the first frame A/‘ -

after the bleach anti(«) is the plateau value at long time. - / e n=1
Kao et al. showed that in solutioriy, can be used as a single 10k / | e n=2 J
parameter to characterize the recovery rate. E o | a4 n=3 ]
D. Measurements of the dissociation constant T 1I — ””'1|o — ””1'60 — m%'oloo-

Fy ("M)

Purified collagen in 50 mM acetic acid solution was pur-

chased from Chondrex. This type-I collagen was extracted s 3 pissociation constant of the fluorescein-collagen com-
and purified from rat skin and was not chemically modified. j e, measured at different values of the total fluorescein concentra-
It was diluted to a final concentration of 750 nM in solutions 4, Fo [Eq. (4)]. The total collagen concentratia®y is 750 nM,

of fluoresceinated probes. The concentration of probeg s independent oF, only for a stoechiometry of 1:1n(=1).
ranged from 0.732 to 750 nM. An identical sets of samples

without collagen were used as reference solutions. Both setghereC, and F,, (determined from the reference solutipns
were filtered through 5000 NMW[10 000 NMWL for 3kD  are the total concentrations of collagen and fluorescein and
dextran centrifugational filters(Millipore) for 30 min at  R=F/F is the fraction of fluorescein left in solution at equi-

14000<g. The probe concentration of the filtrate was deter-ibrium. Thus the dissociation constant can be determined by
mined from fluorescence measured with a Cary Eclipse fluomeasuringr.

rescence spectrophomet&farian, Inc). In Fig. 3, we plotk¥" versusF, with Co=750 nM for
three different stoichiometries1=1, n=2, andn=3. It is
ll. RESULTS AND DISCUSSION clear thatK, is consistent only fon=1, meaning a stoichi-

ometry of 1:1. The average value obtained is thgy= 1.8
+0.1uM. The same experiment performed with 3 kD dex-
tran (data not shownyieldedKp=1.7+0.3 uM.

_ We conclude that fluorescein binds collagen strongly and
suggest that the presence of dextran does not alter the kinetic
constants of binding.

Diffusion of a probe in a crowded medium is different
from that in free solution. Steric interactiofiigss free vol-
ume availablg and frictional interactions become important
when the size of the probe is comparable to the size of in
terstices. In addition, if the probe has an affinity for the ma-
trix, its overall mobility will be substantially diminished be-
cause of repeated binding events. ) _

The collagen fibril is a crowded medium. Here we quan- B. Size exclusion
tify the effect of binding and steric hindrance on nanometer- |n an attempt to force dye to travel inside fibrils along
sized fluoresceinated probes and report the extent to whiciheir axis, we immersed one end of a fibril in an oil droplet

their diffusion in fibrils differs from free solution. and the other in a drop of dye solutiésee Methods With
fluorescein, the part of the fibril immersed in oil was fluo-
A. Dissociation constant rescent after a few houf§ig. 4(a)]. However, with 3 kD or

10 kD dextrar{Fig. 4(b)], fibrils remained dark for days, but
were surrounded by a bright region within several hours.
The bright region is evidently a water layer through which
C+nF—CF,, 2) the dye diffuses more readily. The failure of oil to wet the
fibril is likely due to hydrophilic proteoglycans that are
whereC andF are the collagen and free fluorescein concenknown to decorate the fibril surface. This layer was not seen
trations, respectively, whil€F, is the collagen-fluorescein in the experiment with fluorescein because fibrils were more
complex, of uncertain stoichiometry The equilibrium con- heavily stained and therefore imaged with a shorter integra-
stant is defined by tion time.
This straightforward approach to characterizing transport
K —CFn (3  down the core of a collagen fibril is therefore foiled by the
€4 EnC’ existence of a short circuit through this hydration layer. It
nevertheless points to a size effect. Contrary to fluorescein,
and the dissociation constant can be expressed as many fluoresceinated dextran molecules are excluded from
the fibrils.
K= nR" C.EN1_RED In accordance with the strong affinity measured above,
p=7_gCoFo 0 G - - o ,
ibrils stained by immersion in aqueous solution of fluores-

The binding between collagen and fluorescein molecule
can be described as a chemical reaction

1-R
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FIG. 5. Collagen fibrils stained with 3 kD dextran after rinse.
Before the rinse, fibrils were barely distinguishable from the back-
ground. After rinsing, they are easily seen by fluorescence. The
scale bar is fum.

wide number of polymers and range of molecular weights.
Using the theory of polymer solution®6], the radius of
gyrationRy is

(6)

9=

[7]Mw 1
6.2N, ’

whereN, is the Avogadro number. The hydrodynamic radius

Ry is defined in terms of the diffusion coefficient, which is
FIG. 4. Oil experimentsee text With fluorescein: dye stains related to the radius of gyratid27]:

the fibrils (variations of intensity along a fibril are due to changes of

focal plang. With 10 kD dextran: dye stays outside the fibrils,

which then appear darker than the surrounding water layer. The KT 0.20kT

scale bar is Gum. b= 6mnRy V67R,’ @

cent probes retained fluorescence despite extensive rinsing.

Without rinsing, we noted that fibrils immersed in fluoresceinwherez; is the solvent viscosity. Using the constant for dex-
were brighter than the background, indicating that dye accutran, K=49.3<10 3 ml/g and a=0.60 [28], we find Ry,
mulated inside them, while fibrils immersed in fluorescein-=0.8 nm and D=2.9x10 ° cn?s ' for 3 kD dextran
ated dextran were darker th&tD kD dextran or as bright as  (M,,=1500) andD=1.2x10"° cn?s ' and R,=2.0 nm
the background3 kD dextran. for 10 kD dextran M,,=8800).

After rinsing until the background appeared dark, fibrils  Thus our observation that fluoresceiR,& 0.4 nm) can
that had been immersed in 3 kD dextran could be imaged ipenetrate the fibrils easily and that the 10 kD dextrRy (
fluorescencéFig. 5 while fibrils that had been immersed in =2 nm) is excluded is consistent with existing estimates.
10 kD dextran never developed sufficient contrast. GiverBased on 10 kD dextran alone, we can place a clear upper
their identical binding affinities reported above, we concludebound on interstices o4 nm. Since dextran samples are
that higher molecular weight dyes are preferentially excludegolydisperse and 3 kD dextramR{=0.8) is only partially
from the fibrils based on size alone. excluded, this upper bound can be refined, our results sug-

Assuming a quasihexagonal molecular packing of col-gest interstices are-1.6 nm.
lagen molecules, the size of the interstices in a fibril is an
estimated 2=1.3 nm[12]. It is interesting to compare this
value to the hydrodynamic radius of our probes. The Mark-

C. FRAP measurements

Houwink equation relates the intrinsic viscosity] of a To characterize the mobility of our probes within the col-
polymer to its molecular masd,, : lagen flb_rlls, we monltqre_d fluorescence recovery after p_ho—
tobleaching on single fibrils that were stained by immersion
[7]=KMy, (5)  in fluorescein.

First, to characterize the radial diffusion coefficiént, a
whereK and« are constants determined experimentally for asingle fibril was bleached over a 5m length by moving
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FIG. 6. Time series of fluorescence recovery observed with fluo- 44|
rescein in a collagen fibril. The fibril was bleached with the laser
beam, and recovery of its intensity was monitored with the arc E
lamp.t=0s is the first frame captured after the bleach. The scale §
bar is 2um.
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the microscope stage to translate the fibril through the beam
In this manner, axial flux of dye was minimized. Fluores-
cence intensity along the fibril axis recovered homoge- ~ 06|
neously. When recovery was observed using full field epi- _
illumination from an arc lamp, no intensity gradients were 05} I o fluorescein
detected. | o 3kD dextran
Then, to characterize the axial diffusion coefficiént, a o4l . .
similar fibril was bleached with a stationary laser speb 0 200 400 . 600 800 1000 1200
wum). When observed in full field epi-illumination, the bleach time (s)
spot brightened first at the edges and then in the céRtgr

ensi

Int

6 H he ti derived f th FIG. 7. Recovery curves for fluorescein and 3 kD dextran is
). However, the times derived from the recovery curves lycerol and in collagen fibrils. Each point corresponds to the in-

were not measurably dlfferent from those obtained when th nsity integrated over the beam spot on one image. Lines are biex-
bleached area was 10 times larger. ponential fits.

We therefore conclude that, due to the fibril's small diam-
eter (<500 nm), recovery is the result of fluorescent mol-
ecules diffusing into and out of the fibril radially. The im- tion. However, the presence of bleached probes in solution
pression of axial diffusion in full fieldFig. 6) is a likely ~can be neglected since free diffusion is several orders of
result of the Gaussian profile of the bleaching spot. Sincdénagnitude faster in solution than in a fibtdee below
more molecules are bleached in the center than at the edges
of the spot, complete recovery takes longer in the center. D. Comparison of recovery times

For the recovery time to be sensitive to axial diffusion, the  Ragijal diffusion in collagen was measured by bleaching
length of the bleached region must be such that the axial flustained fibrils over 5um as described in Sec. I B. Two dyes
of molecules is greater than the radial flux. This might beof different size were useffluorescein and 3 kD fluoresce-
achieved by making the extent of the bleached region lesgated dextran Their diffusion coefficients in glycerol solu-
than the width of the fibril. However, since the width of a tion were also determined and serve to calibrate our tech-
fibril is nearly equal to the wavelength of the light used for nique. The values obtained are very reproducible.
bleaching, such an experiment would be very difficult and In glycerol and in fibrils, data are best fit with a biexpo-
was not possible with our setup. nential function(Fig. 7). Recovery times were derived from

Fluorescence recovery in a single fibril is then as follows:both biexponential fits and from E¢l). By either measure,
unbleached dye molecules diffuse from solution onto thefluorescein diffuses twice as fast in free solution as 3 kD
fibril surface, are adsorbed and eventually diffuse into thedextran(column 1, Table ), consistent with the respective
fibril, repeatedly colliding with, binding to, and dissociating hydrodynamic radii of the two molecules.
from collagen molecules. The extreme aspect ratio of the Measurements on collagen fibrilgolumn 2, Table )
fibrils also results in the laser spot extending beyond theshowed a larger dispersiqda5%—20%, presumably due to
fibril diameter and bleaching probes in the surrounding soluan unresolvable diversity of fibril diameters. Overall, 3 kD

021909-5



A. EKANI-NKODO AND D. KUCHNIR FYGENSON PHYSICAL REVIEW E67, 021909 (2003

TABLE I. Times obtained from the fits of the experimental curves with biexponential an¢LEfpr the
diffusion of dyes in collagen fibrils; is the long time from the biexponential fit anglthe short one. Each
value is a mean over 11 measurements. Time ratios in column 3 were resealed to take into account the
different geometry(see text Times are in seconds.

80% Glycerol Fibrils Fibril/glycerol
Times Times Ratio
Dextran  Fluorescein Ratio Dextran  Fluorescein Ratio Dextran Fluorescein

ty 26.4+23 13.2:0.7 2.0:0.3 273:27 130+17 2.1+-0.5 1030:190 980:180
t, 6.5+0.6 2.9-0.1 2203 20+3 12+3 1.7£0.7 310:70 410-120
ty, 5.6£0.3 2.8:0.2 2.0:0.3 5912 21+4 2.8-1.1 1056:270 750200

dextran diffuses in fibrils-2.4 times slower than fluorescein. pletely saturated with dye and the vast majority of molecules
Since both dyes have the same affinity for collagen in soludetected would have been unbound.

tion, we conclude that this effect is a result of the difference We estimated the concentration of probe in our fibrils
in the size of the probes. Without knowing the size distribu-from the intensity recorded by the CCD camera under laser
tion of the 3 kD dextran that actually permeated the fibril, wejllumination. For fluorescein, this concentration was about 60
can still conclude that it included molecules greater than the,p. This means that collagen in the fibri(at an effective
size of interstices between collagen molecules in the fibril.gncentration of about 4 mMare far from being saturated
(~1.5 nm. o i with probe—more than 98% of binding sites were empty at

. Note that both in fibrils and in glycerol, the bleached areay,, time. Mobility is decreased by the presence of multiple
is a cylinder and recovery is due to radial diffusion. In glyc- 5 ysormtion sites and geometric obstacles. The five orders of

erol, images were taken in the plane Df , whereas in o qnitde difference is a result of repeated binding and un-
collagen, images were taken in the planedgf. In glycerol, binding events.

the bleached region is the size of the spBtum), but in As can be seen in Fig. 4, fibrils also differ in shafinks,

collagen it is only 0.5um (the diameter of fibrils To com-  gn4s The model proposed by Gutsmaehal. [17] stresses
pare recovery times in the two environments, it is thereforqhat the outer shell of a fibril is “hal’d’(e.g., CrOSS-linkeﬂ

necessary to _rescale according to the radial dimension of ﬂ\ﬁhereas the inner region is “soft.” Kinks are then particular
bleapheq region. ) . locations where the outer shell is weakened. If the outer shell
Diffusion in fibrils is approximately 950 slower than in  eqents a significant barrier to diffusion, one might expect
80% glycerol(column 3, Table ), which is in turn 60 times b recovery to be faster in the vicinity of kinks. We found
slower than in water. The hydrodynamic radius of fluoresceiny, ¢ the average recovery time obtained from measurements
is 0.4 . Wh"ihl yields a diffusion coefficient in water of 5 reqions containing kinks was not significantly fagtiata
5.9<10"° cn?s*. From our measurements, we can there-,q shown. We note, however, that the kinked region repre-
fore deduceloa dlffusi|on coeff|C|ent. in collagen fibrils (1.0 gonts only a small proportiofi5%) of the bleached region.
+0.2)x10 P cn?s i For comparison, Songt al. [19] Therefore, an effect would only be noticeable if the resis-

measured the diffusion of fluorescein into a synthetic poly+zce of the shell must be comparably larger than the resis-
mer fibril (nylon 66 and obtained D=(6.91.0)  {ance of the core.

x10 M enPs L

Diffusion of probes in collagen gel has been measured
under a variety of conditiong9—-31]. The ratio of diffusion
in 45 mg/ml succinylated collagen gel to that in water is 0.27 Fluoresceinated molecules associate, dissociate, and dif-
for anionic dextran I1,,=69000) [29]. In 50 mg/ml col- fuse in collagen fibrils. Using a simple experimental setup,
lagen gel, the ratio is 0.17 for FITC-dextraM(,=2900) we measured dye mobility in these biological fibers, which
[30]. Values ofD/D ranging from 0.05 to 0.5 were reported are less than 0.am in diameter. Size exclusion effects yield
in 45 mg/ml(type |) collagen gels for probes with size vary- an estimated pore size that agrees with previous structural
ing roughly from 1 to 20 nnj30]. These values are all three measurements. FRAP measurements indicate a radial diffu-
to four orders of magnitude higher than the values we measion constant five orders of magnitude smaller than in free
sured. solution. The binding between fluorescein and collagen mol-

The difference in density between collagen gé&® mg/  ecules has &p~2 uM. Although strong, it was necessary
ml) and collagen fibrilg1200 mg/m] alone cannot account to work with background concentrations of fluorescent mol-
for such a decrease, especially since fluorescein is smallecules in solution at least two orders of magnitude lower
than the size of interstices in both cases. Thus binding effecthan K to achieve contrast. As a result, measurements on
are probably dominant for our measurements in fibrils. Bindibrils took place in the presence of a high density of open
ing was not an issue in the studies listed above because théynding sites. We therefore suspect that repeated binding
were performed under conditions where collagen was comevents account for most of the effect on diffusion.

IV. CONCLUSION
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It might be possible, with FRAP, to measure diffusion face chemistry of the fibrils makes it very difficult to mini-
without binding in fibrils if a dye with less affinity for col- mize the radial flux.
lagen were used. However, since fibril contrast depends on
dye affinity, this would require a more sensitive apparatus
than ours, to discriminate the recovery signal from the back-
ground.

On a general level, this study provides experimental data We thank P. K. Hansma for inspiration and fruitful discus-
on the diffusion of moleculeggas, impurities, et¢.in a cy-  sions and Diane McClure for providing a supply of rat tails.
lindrical fiber with a high density of adsorption sitesptical  This work was supported partially by the National Science
fibers, polymer fibers, etcthat could be compared to nu- Foundation, through the CAREER program under Award No.
merical simulationd32]. An investigation of transport an- 9985493 and through the MRL Program under Award No.
isotropy along collagen fibrils, one of the inspirations for thisDMR00-80034, and partially by the Alfred P. Sloan Founda-
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