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Order Parameters and Orientation Distributions of Solution Adsorbed and Microcontact
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The structure of solution adsorbed and microcontact print€P] cytochromee (cyt ¢) films on glass and

indium tin oxide (ITO) was investigated using attenuated total reflectance (ATR) and total internal reflectance
fluorescence (TIRF) spectroscopies to determine the orientation of the heme groups in the films. The second
and fourth order parameters of the heme as well as information on the angle between the absorption and
emission dipoles of the heme, were experimentally determined. The order parameters of the heme are
related to the order parameters of the protein molecule using the known angle between the heme plane and
the electrostatic dipole moment of the ayprotein. The effect of the surface roughness of the substrates
(glass and ITO) was also taken into account quantitatively using AFM data. Physically possible order parameters
were obtained for the heme group in both solution adsorbedu&@® films, but not for the electrostatic

dipole moment of the protein. In addition, the experimental valuééas y for immobilized zinc-substituted

cyt c are greater than the valuesldbs ydetermined in viscous solutions, which could be an indication that

the environment of the heme groups changes upon adsorption. The electron transfer behavior of solution
adsorbed andCP films on ITO, determined using electrochemical methods, is compared to their orientation
distribution and surface coverage as determined by spectroscopic methods.

1. Introduction length, which has been attributed to several factors, including
rqonformational changes in the protéinfrictional coupling
between the reactants and the surrounding environfemtgl
the increase in electric field strength close to the electrode
surfacet®

Changing the terminal group of the alkanethiol modifier can
also change the electron transfer behavior and formal reduction

In many types of biosensors and bioassays, proteins have bee
used to modify the transducer surface for enhanced sensitivity
and selectivity.~3 The surface of most proteins is heterogeneous,
with areas of positive and negative charge, as well as hydro-
phobic regions. It remains a challenge to direct the adsorption
and immobilization of such heterogeneous molecules onto . . .
artificial surfaces:5 However, the strugcture and orientation of Potential of adsorbed cyt*® This could be due to differences

immobilized proteins can potentially have a large effect on their " thﬁ electrqnlchcouplllng bletwegn thg mOdf'f'ﬁr and th_e proter:n
activity, and therefore on the sensitivity and selectivity of or changes In the molecular orientation of the protein on the

biosensors based on protein-modified surfaces. One examplesurface' or a combination thereof. Electrochemical data alone
of this is the effect of surface immobilization on the electron ¢2NNot distinguish between these two possibilities. Thus, Wh'le
transfer activity of metalloproteirfs’ voltammetry can be a probe of how aytelectrochemistry is

Cytochromec (cyt c) is a widely studied redox active protein affected by the terminal group of the self-assembled monolayer

that undergoes stable electron transfer when immobilized on a(SAM) film, the orientation distribution of the proteins cannot

variety of electrode surfacés!? The redox active component be inferred from electrochemical measurements dofre.
of the protein is a prosthetic heme group coordinating an iron- addition, since the electroactive surface coverage is usually not

(Ill) which can be reduced to iron(ll). The rate of electron N€ar the theoretical limit of one monolayer (22 pmotidior

transfer for surface immobilized cgtcan be varied by changing cyt C_)’l7 itis pOS§ib|(_i' that a significant portion of the adsorbed
the distance between the electrode and the redox center of thet'lmr:S n?t conérlbutlndg.to :}he meli‘?“'feg.cu”?“‘- id o
protein. The most common electrode studied is gold, where the The electrode used in this work is indium tin oxide (ITO), a

electrode-heme distance has been varied systematically using SeMiconductor at which adsorbed aytcan undergo stablle,
alkanethiol modifiers of different lengt#&14 Small changes  duasireversible electron transfer without a modifying layet:

in the distance (68 A) can change the electron transfer rate ITO is negatively charged at pH 7, which has been hypothesized

by 3 orders of magnitud®:15 At long chain lengths %10 to direct oriented adsorption of cyt through electrostatic
carbons), the rate decreasés exponentially with the number ofinteractions with basic residues on the surface of the protein. A

methlyene units, as predicted by Marcus thedip At short ~ Similar rrlwecEanisrg is thoughto}r; direct <|:ytadsorption to
chain lengths €10 carbons), the rate is independent of chain negatively charge ,SAMS on gotdITO is also transparent to
visible light, making it a useful substrate for visible spectroscopy
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are made by simply incubating the electrode in the protein
solution, allowing the protein to directly adsorb. Microcontact
printed (CP) films are formed by first adsorbing the protein
onto a poly(dimethylsiloxane) (PDMS) stamp and then transfer-
ring the protein film to a substrate by contacting it with the
stamp. In recent years, microcontact printing has emerged as a
technique that can be used to create patterned arrays of
biomolecules for high throughput screening asgay¥. How-

ever, one aspect of this technique that has not been well
characterized is the structure of the films formed by microcontact
printing28~31 We have previously studied the electrochemical
activity of uCP cytc films on ITO and found they are similar

in their electroactive surface coverage and formal reduction
potential to solution adsorbed filnts.However, the rate of  Figure 1. The molecular orientation of a circular absorber (heme) is
electron transfer is slightly less than that of solution adsorbed defined by thex, y', andZ (only Z is shown) molecular axes which
films, which could be an indication of different orientation are related to the, y, andz lab axes as shown. Both the absorption
distributions. Characterizing the structure &P cytc films dipoles,zi, and the emission dipoles, lie in the X~y plane of the

on ITO can provide valuable information on the percentage of eéme. and the angle between them is definegl ahe angle between
the film that retains its activity relative to the total amount of g;eeaxs normal to the heme plane and the lab surface normal is defined
protein deposited on the electrode surface. '

In thg first paper of this serie8, we have described the parameter[P,(cos )34 As shown in Figure 10 is defined
calculation of the second and fourth order parameters of 55 the angle between the normal to the heme plane and the
molecular films using polarized attenuated total reflectance oympg| 10 the substrate surface (geometrically equivalent to the
(ATR) and total internal reflectance fluorescence (TIRF) spec- gngle petween the heme plane and the substrate surface). The
troscopies, as well as the use of the maximum entropy method, 1|RE experiment is used to determifos 0] which is used
which can be used to construct orientation distributions from along with [@o€ 60to calculate the fourth order parameter
the o_rder parameters. In a_ddmon, _the treatment of the data [P4(cosh)[] Here, films containing Zn cyt were excited in the
described there allows for information on the angle between f-band at 585 nm. Our assumption is that even though we are

the absorption and emission dipolesto be determined from  rohing two different transitions, they contain the same informa-
the TIRF data (using method B). Also described is a method 10 51, about the orientation of the heme in ot

determine the influence of surface roughness on the second and

f_ourth order paramgters, a_n_d therefore the orientation distribu- 3 Experimental Section

tions of the surface immobilized molecules. In this paper, order ) ) ) -
parameters are measured for four different types ot djmns: Protein Solutions. Horse heart cyt (Sigma) was purified
(a) solution adsorbed films on glass and ITO and4®p films as previously described;* and its concentration was deter-
on glass and ITO. The results show that the surface coverageMined using published molar absorptivittsZn cyt ¢ was
and orientation distribution of cyt films are dependent on the ~ Prepared by first removing the iron from lyophilized @y{not
technique used to make the protein film and the substrate onPurified) with hydrogen fluoride (HF) under anhydrous
which the protein film is formed. This work is one of relatively ~conditions?*~*® Lyophilization was necessary to reduce side
few papers that address molecular orientation distributions on Products of the HF reaction, which include heme-free cyt
electrode surface¥;3s and it is the first to attempt to relate ~ (detected by MALDI).Safety Warning: HF gas is extremely
orientation distribution to electrochemical activity. Although a dangerous, and all necessary safety precautions should be
clear relationship between the orientation distribution and the taken to aoid exposureAfter HF treatment, the resulting iron-
electron transfer rate has not yet been elucidated, this work doedr€e cytc was dissolved in a minimum amount of 50 mM pH

illustrate the complexities of this subject and strategies for 7 Phosphate buffer and purified on a sephadex G-25 column
measuring and treating the data. equilibrated in the same buffer solution. Zinc acetate was reacted

with the iron-free cytc under acidic condition¥4"48and then
the protein was dialyzed overnight against 35 mM pH 7
phosphate buffer. After centrifugation to remove any precipitate,
Two different types of cyt are used in the data presented the Zn cytc was purified under the same conditions as ferricyt
here. Ferricytc is used in the ATR experiments to determine c. Fractions with an absorbance ratio of 423 nm/549nitb.4
the second order parameter of the protein films. Zinc-substituted were collected and concentratéith 10 mM phosphate buffer
cytochromec (Zn cytc) is used as a fluorescent, nonelectroactive (pH 7) in an ultrafiltration cell. The final concentration was
analogue of native cytin the TIRF measurements to determine determined using the absorbance at 423 ars @43 000 M!
the fourth order parameter. The vibronic transitions in the visible cm™1).%7
region of the spectrum of cytare polarized in the plane of the Substrate Preparation.Glass microscope slides (Gold Seal)
porphyrin. The heme group in cyt has approximatel\D, were cleaned either in a Chromerge (Manostat) bath &0
symmetry36:37 which classifies the heme as a circular ab- for 1 h or in piranha solution (30% hydrogen peroxide, 70%
sorber3839 although there is debate over the validity of this concentrated sulfuric acid) fd. h and rinsed thoroughly with
assumptiorf® The polarization ratio is the same at 413 and 530 deionized (18 M2 cm) water before use. Indium tin oxide (ITO)
nm2° an indication that a polarized absorbance measurementfilms (65—70 nm thick) sputtered on 1 mm thick soda lime
at any wavelength in this region will contain the same orientation glass (Colorado Concept Coatings) with a sheet resistance of
parameter information. The absorbance of ferricyt films was approximately 2@2 per square were used throughout. The ITO
measured at 413 nm, in the'1®b band region, and used to substrates were cleaned by scrubbing them with a 2% Triton-X
determine [@og O[] which is related to the second order 100 solution for 1 min, then sonicating them for 10 min each

2. Combining ATR and TIRF Measurements for Cyt c
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in 2% Triton-X 100, water, and ethan®l,and then low changes. An argon ion laser (Coherent) was used in all-lines
temperature air plasma cleaning (Harrick model PDC-3XG) for mode to pump a dye laser (Coherent 599) at 585 nm (rhodamine
15 min at 30 W. The PDMS stamps were made using a Sylgard-6G). The excitation polarization was selected with a half-wave
182 Elastomer kit (Dow Corning), mixing the monomer and Fresnel rhomb. The laser excitation was coupled into the sample
curing agent in a 10:1 ratio. Flat (unpatterned) stamps were cured(mounted on the microscope stage) using & dbgle prism
on oxidized Si wafers (Wacker) at 60 for 12-18 h. To (refractive index 1.46) coupled to the upper surface of the sample
prepareuCP films for TIRF experiments, circular PDMS stamps  with index matching fluid. Fluorescence emission was collected
with a 1.0 cm diameter were punched out of the cured polymer with a 4x objective (0.13 NA) normal to the substrate surface
film and mounted on metal stubs with epoxy. To prepa@® and directed through a 63510 nm band-pass filter and a sheet
films for ATR experiments, stamps of approximately 50 mm polarizer onto a liquid nitrogen cooled CCD camera (Photo-
x 10 mm were cut from the cured polymer films and used to metrics). The intensity of an unpolarized light source was
stamp one-half of the area of the ATR substrate. measured after passing through the microscope optics, emission
Protein Films. Solution adsorbed films were made by filter, and polarizer and reaching the CCD; no polarization bias
injecting a 1QuM cyt ¢ solution into the ATR flow cell or TIRF ~ Was found. Each fluorescence image was background subtracted
cell followed by a 15 min static incubation period and then USing an area in the same image, outside of the fluorescent spot,
rinsing the cell with 10 mL of 10 mM phosphate buff@CP with the same pixel area as the fluorescent spot. To minimize
films were formed using PDMS stamps that had been plasmathe effect of photobleaching on the measurement, the four
treated to make their surfaces hydrophificThe stamp was ~ fluorescence intensitiess ls Ipp, andly s> were measured
rinsed with water and dried under a nitrogen stream before andin @ different order at each of four spots on a single sample.
after a 1 min air plasma treatment at 30 W (see above) and Different spots were selected by moving the sample perpen-
then soaked in a 16@M cyt ¢ solution for 15 min. The protein  dicular to the laser excitation (on tlyeaxis)* Then, an average
solution was then removed and the PDMS surface rinsed with for each of the four polarized fluorescence intensities was
three small aliquots of 10 mM phosphate buffer (pH 7). The determined from the data of the four different spots. One value
stamp was then dried very slowly and gently under a nitrogen ©f (€08 #0was calculated per sample, and three independent
stream. Protein films were formed on ITO and glass by pressing SaMPles were measured for each type of film. The laser power
the stamp onto the surface for less than 5 s, using light pressuréV@s measured after every set of four measurements, and it
sufficient to make conformal contact between the stamp and fémained constant over the course of each sample measurement
the surface. For ATR measurements, one-half the length of the (Within 2—5%). _
glass or ITO substrate was printed with cygnd then the printed AFM Images and Analysis.Glass and ITO surfaces were
side of the slide was soaked in 10 mM phosphate buffer and @n2lyzed by tapping mode atomic force microscopy (Digital
dried before placing the slide in the ATR cell. The volume of [nstruments Multimode AFM) in air to determine the angle
protein solution used to “ink” the stamp was approximately 0.5 between the lab surface normal and th_e Ipcal surfacg normal,
mL, and the volume used to rinse the stamp was about 1.5 mL. 93-*° The c08 65 value for each data point in the AFM image
For TIRF measurements, the volume of protein solution used (1 X 1 #m? area, 256x 256 points, approximately 3.9 nm
to ink the stamp was approximately 0.15 mL and the volume between points) was calculated using the method described by

used to rinse the stamps was approximately 0.5 mL (the volume SIMPson and Rowléf to obtain the average two-dimensional
decrease is due to the smaller stamp used in the TIRF local surface normal tilt angle and then averaged over the entire

measurements). For both solution adsorbed a8® films, image to determinéos’ L) cos' 6 was determined similarly
100% ferricytc was used to make the protein films for ATR for each point in the image and_averaged over the entire image
measurements, while, for TIRF, protein films were composed to calculategos' 03D.Three AFM images of each substrate were
of either 30% Zn cyt and 70% ferricyt or 10% Zn cytc and analyzed to determine the average value€o® 6sJand(¢os

90% ferricytc (mole percent). The fourth order parameter and Bl
[¢og y[obtained from both types of films were equivalent; 4. Results and Discussion

e g 0
however, the signal-to-noise ratio improved for the 30% Zn cyt This section is divided into five subsections. The first and

¢ films. second subsections report and discuss the data from the ATR
Attenuated Total Reflectance (ATR) Absorbance.The and TIRF experiments. The third subsection discusses the order
ATR instrument is described in a previous pafiet? The parameters and orientation distributions for the heme group. In

absorbance of cyt films in the transverse electric (TE) and  the fourth subsection, the order parameters that describe the
transverse magnetic (TM) polarizations was measured throughcontribution of surface roughness and protein molecule orienta-
a 413 nm band-pass filtét.For solution adsorbed films, the  tjon are reported and discussed. The final subsection discusses
blank  transmission was measured before any protein Wasthe orientation distribution and surface coverage ofacfims
introduced to the surface. FCP films, the ATR cell was  formed on ITO in light of previous studies in which the electron
translated on thg-axis (perpendicular to the direction of light  transfer rate and electroactive surface coverage of the films was
propagation) to measure the blank transmission on the unprintedmeasured by cyclic voltammet?y.
half of the slide before making the measurement on the printed Optical Constants, Surface Coverage, ande¢os 60 The
half. This translation increased the error in the transmission optical constants, surface coverage, abo 6Cfor solution
measurement by 3% relative to the solution adsorbed films (in 3dsorbed films on glass and ITO were reported in an earlier
which the ATR cell was not moved during the course of the paper! We summarize those results here and also report new
measurement). data foruCP films on glass and ITO that were obtained in the
Total Internal Reflection Fluorescence (TIRF). The in- manner described in the earlier paper (data for all four films
verted microscope and associated instruments used here foare listed in Table 1). From the anisotropic optical constants
TIRF measurements are described in previous publicatler¥s, and k (the real and imaginary portions of the film complex
with the addition of a polarizer in the detection optics. The refractive index, respectively), the surface coverdgendidog
experimental setup will be briefly described here to highlight 60can be calculatett The number of protein monolayers on
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TABLE 1: Optical Constants, Surface Coverage,[¢os 0[] [¢os' O[] and [¢o¥ y[Ifor Four Different Types of Cyt c Films
Assuming the Heme Is a Circular Absorber

method of deposition

solution adsorbed uCP

substrate glass ITO glass ITO
Ny, Ny (413 nm) 1.436+ 0.008 1.53+0.0% 1.47+0.03 1.515+ 0.009
ke, Ky (413 nm) 0.022+ 0.002 0.045+ 0.003 0.028+ 0.005 0.050+ 0.008
n, (413 nm) 1.438+ 0.00% 152+ 0.0% 1.48+ 0.03 1.485+ 0.008
k. (413 nm) 0.024+ 0.003 0.042+ 0.004 0.04+0.01 0.017+ 0.001
surface coverage (pmol/&n 11+12 22+ 12 22+8 65+ 10
[¢og 00 0.30+ 0.02 0.36+ 0.04 0.19+ 0.05 0.71+0.01
% Zn cytc 10 and 30 30 30 30
v (585 nm) 1.42 15 1.45 1.48
[¢os' 60 0.26+ 0.04 0.19+ 0.04 0.21+ 0.04 0.66+ 0.06
[dog yO 0.86+ 0.06 0.9+ 0.3 0.84+ 0.05 0.80+ 0.03

aError recalculated from results presented in an earlier fapased on the standard deviation of three or five samples.

the surface can be estimated using the theoretical surfacel ABLE 2: Percent Relative Errors in Fluorescence Intensity

S Rati
coverage of a close packed monolayer of cywhich is 22 atos

pmol/cn? (based on the dimensions of cgLl? This value solnadsglass  solnads ITO uCP glass uCP ITO
assumes that the surface is flat; however, even when the ITO Isylss 8.5 47 5.3 7.7
surface roughness is taken into account, the theoretical surface lodlpp 4.0 1 0.8 9.0

coverage per monolayer only increases to 23 pmdl{calcu-

lated by analyzing AFM line scans of ITO surfaces to determine to produce partially electroactive films on IT®The percent

the ratio of the distance along the surface to the horizontal transferred from the stamp to the surface can vary depending

distance, which was 1.022). on the surface chemistry and morphology of the substrate, which
In our previous report on solution adsorbed films, a thickness €xplains why the surface coverages #4@P films on glass and

of 3 nm (based on the dimensions of c§f) was assumed for  ITO differ. Furthermore, considerable variability is present in

all of the films 41 The surface coverage faCP films was found @l of the steps of theCP process (e.qg., in the pressure applied

to be more variable than solution adsorbed films and in many to the stamp in contact with the substrate); thus, it is not

cases greater than one monolayer. Using a film thickness of 3surprising that the surface coverage #€P films is more

nm for these films would result in unreasonably high values variable than that of solution adsorbed films.

for the optical constantsandk. Therefore, a change was made ~ Values of[@os §0determined for all four films using the

to the calculation procedure. FoCP films, the thickness was  circular absorber model are listed in Tablegldgfined in Figure

increased by increments of 3 nm until the surface coverage 1). All values are within the physically allowable range foos

calculated per monolayer was less than or equal to 22 pmol/ 0Ci(between 0 and B¢ The [éog #lvalues for theuCP films

cn?. For example, when 3 nm was used as the film thickness are significantly different from each other and the solution

in the calculation, three out of five samples fo€P films on adsorbed films, which both have similatos 60values close

glass had surface coverage values that were less than onéo the isotropic value of/a.

monolayer and remaining samples had calculated surface TIRF Results. Fluorescence intensitiek§ lsp Ipp 1p9 Were

coverages greater than a monolayer. The calculations weremeasured for the four types of films. Table 2 shows the percent

repeated on these two samples using a thickness of 6 nm forerror in the intensity ratioss /lssandlpdlpp as those ratios

the protein layer, and the resulting surface coverage perare independent of the intensity in the excitation laser beam.

monolayer was less than 22 pmol&rfor 4 CP films on ITO, The errors on the ratios measured on ITO were generally higher

a protein film thickness of 9 nm (three monolayers of protein) than those on glass, most probably due to the higher fluorescence

was used for two of the three samples, while a thickness of 12 background of the ITO substrates.

nm was used for the third sample. The refractive index values [¢os' 60values for the four types of films were calculated

for these films (Table 1) reflect a film where the density of using method B (see preceding paper for details on method B)

protein is the same as that for a monolayer film, but the overall and reported in Table ¥ In addition tolsg Isp Ipp Ips and

film thickness reflects a multilayer film. [cog 0] the refractive indices of the protein film and the
We now compare the surface coverages(GP films and aqueous solution above the film as wellNyghe effective index

solution adsorbed films (Table 1). The surface coverageOst of the propagating optical beam (eq 3 in ref 41), must be known

films on glass is 22 8 pmol/cn?, and that on ITO is 65- 10 in order to determinddos' L1 The refractive index of the

pmol/cn?, which corresponds to about one and three monolayers aqueous solution was obtained from literature vahieEhe

of protein, respectively. The surface coverage of the solution refractive index of the protein filmsy, ny, andn, at 413 nm)
adsorbed films were submonolayer (on glass) or monolayer (onwas calculated using the Krameitrdnig transformations, as
ITO), with very little sample-to-sample variation. Thus, on both described in a previous papgrin this case, it is assumed that
substrates, the surface coverage for #i@&P films is greater there is no significant birefringence in the film, which is a
than the solution adsorbed films. Furthermore, since the surfacereasonable approximation based on the ATR results that show
coverage was greater than or equal to one monolayer, thenn, ~ n, ~ n, The value ofry at 585 nm was obtained by
clearly more than one monolayer is adsorbed onto the PDMS calculating the refractive index profile (from 400 to 700 nm)
stamp. This is most likely due to the high concentrations of using thek values determined by ATR (at 413 nm) and the
protein used to ink the stamp (1@M), which may favor more molar absorptivity values across the visible spectrum (values
protein—protein interactions at the surface. High inking con- are reported in Table #}.Figure 2 shows the molar absorptivity
centrations were used because they were shown in previous worlof ferricyt c and Zn cytc as well as their refractive index profiles
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Figure 2. UV —visible absorbance spectra of ferrieysolid line) and

Zn cyt ¢ (dashed line) calculated using published molar absorptivity
values®® Refractive index profiles for a concentration equal to one
monolayer of each type of cyt (0.73 M), calculated at discrete (P.(cos))

wavelengths for ferricyt (solid line with squares at calculated points), b);..\ 3
and Zn cytc (dashed line with triangles at calculated points). B

for a full monolayer of protein. Despite the large differences in BN
the molar absorptivities and refractive indices of ferricygnd
Zn cytcin the Swoet band region (400450 nm), at 585 nm, at
which Zn cytcis excited in the TIRF experiments, thevalues
of ferricyt c and Zn cytc are approximately equal.

Method B was used to calculaféost #0and [¢os yLrather | .
than method A because the use of the independently determined I
value of [@og yOfor Zn cyt ¢ ([tog yO= 0.5; measured in b
viscous solutiol-3456:5§ and method A produced valuesiabs'

Othat were significantly greater thados 6] which is outside ) . o
the physically possible range of values (see preceding paperFlgure 3. (a) Order parameters for the tilt angle of the axis normal to

. . the heme and the lab normal (or the angle between the heme plane
for details on method &). The [¢os yOvalues of the films and the substrate plane) in cgtfilms calculated using a circular

determined using method B are listed in Table 1 and range from absorber model for solution adsorbed films on gla§sahd ITO Q)

0.8 to 0.9. Assuming a delta function for, this range  anduCP films on glass3) and ITO @). The solid lines indicate the
corresponds to angles between 27 antl M&lues ofl¢og y0 area of physically possible order parameters (see preceding*paper
greater than 0.5 indicate that the fluorescence emission dipole(b) Polar plots of orientation distributions created from the correspond-
of immobiized Zn cyt s ot lcated with cqual probabiy 14215 premeler, Sold s s e ctbutons e o
parallel or perpendlcular_ to _the_ absorption dlpqle in the heme distributions created from vaIuespof order parameters that werpe one
pIane._Thls coulql be an indication that _the environment of t_he standard deviation from the mean values.

heme in Zn cyt is altered upon adsorption to the surface. It is

possible that immobilization of the protein on the surface distorts TABLE 3: Order Parameters for Cyt ¢ Films Calculated

the structure of the protein such that the emission is no longer Using a Circular Absorber Model

equally distributed between the two orthogonal dipoles butis  order soln ads soln ads uCP uCP

more aligned with the absorption dipole. The fact thas y0 parameter  glass ITo glass ITo

is not 0.5 does not rule out the circular absorber model because®,(cos§)d —0.04+ 0.03 0.04+ 0.07 —0.224+0.07  0.56+ 0.02

the two absorption dipoles could still be of equal strength; P«(cosf)0  0.4+02 -0.1+£0.2 0.6+0.1 0.6+£0.2

i : . (Py(cosfz)0] 0.994+0.01 0.91+0.06 0.99+0.01 0.914+ 0.06
however, the fluorescence emission of immobilized Zn cyt (Picos)] 098+002 07+02 098002 07402

may not be generated equally along two orthogonal digSles. Pocosf)0] 0.8+0.6 —0.8+1 4+1 —-11.1+0.9
The values ofdo? yLreported here represent the first direct P4 cos6;)0 —-1.1+0.6  05+07 —1.6+0.4 —-2+1

measurement ditog yfor the porphyrin in an adsorbed heme

protein film. The fact thafé¢os y[can be calculated directly  represents the physically possible value§R{cosd)Cand [P,-

from measurements made on the film is an advantage of method(cos 8)1J The polar plots in Figure 3b show the orientation

B relative to method A, since the former can account for distributions that were calculated from the experimefirat

variations iny arising from differences in the local environment (cos #)Oand P4(cos #)Ovalues using the maximum entropy

of the chromophore. method as described in the preceding pép@iso see ref 33
Order Parameters and Orientation Distributions of the for an explanation of the polar plots). Orientation distributions

Heme Group. Using o€ 6OL) second order parameters, were also constructed from values of the second and fourth order

[P5(cosh)[Jwere calculated using eq 26 in the preceding p&bper. parameters one standard deviation away from the mean values.

Fourth order parameteri®4(cosf)jwere calculated fromtos On glass substrates, the orientation distribution constructed

olandldos OLusing eq 27 from the preceding paper (see Table from the mean values @P,(cosf)and[P4(cosd)for solution

3 for Px(cos O)and [P4(cos O)[values). In Figure 3a, the  adsorbed films shows that the highest probability for the heme

second and fourth order parameters for the solution adsorbedorientation is parallel to the substrate plafie{ 0°) (see Figure

films and theuCP films on glass and ITO substrates are plotted. 3b, 1). The orientation distribution of solution adsorbed cyt

The area within the semicircle delineated by the solid line films on glass has been studied in the past using a different
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methodology, a different value 6fog y((0.57; determined in wheren is either 1 or 2, denoting either the second or fourth
a viscous solution), and a Gaussian model for the distribdfion. order parameter, respectively. The order parameisgcos

A different orientation distribution was obtained in which the 0)[] (Pay(cos 02)L] [Pa(cos Oz)Uare defined in the preceding
mean tilt angle of the heme plane (the angle defined &s paper3® Table 3 lists all of the second and fourth order
that paper) relative to the substrate plane wa$ ¥@h a parameters for the four types of cyffilms.

distribution width of 33. The discrepancy between the results  p, (cosés)[Trelates the lab (macroscopic) surface normal to
presented herein and those of Edmiston étean be explained  the |ocal surface normal, as they can be different due to
by examining the graph of allowed values @%(cos #)Uand microroughness on the substrate surface. Valu@Bafcos6s)[]
[P4(cos H)Uand the resulting orientation distributiofsAs for glass and ITO surfaces were determined by analyzing tapping
shown in the preceding pap&ronly the values near the lower  mode AFM images of these surfacesx 11 um? AFM images
boundary of allowed values can be fit by a Gaussian distribution. were used so that the surface gradigbtwas calculated on a

In the earlier study; the experimentally determined order |ength scale (every 3.9 nm of the image) appropriate to the size
parameters did not fit a Gaussian distribution; therefore, values of the cytc molecule (projected surface area roughly33

two and three standard deviations from the mean values werennp)_ |f the substrate is perfectly flafP,(cos 63)0is 1 and
used to construct orientation distributions. Thus, the results this term drops out of eq 1. If the surface is very rou-

presented herein do not contradict the previous study; rather,(COS 6s)0approaches zero, and thu®n(cos #)Owill also
they clarify why the data obtained by Edmiston et’atould approach zero. On glas®,(cos ;) Cand [P4(cosfs)Care both
not be fit with a Gaussian distribution. nearly 1, indicating a relatively smooth surface (root mean
For solution adsorbed films on ITO, the second and fourth square (rms) values of 0-D.4 nm). On ITOP,(coss)Cand
order parameters are within one standard deviation of the [P,(cos6fz)Tare 0.91 and 0.7, respectively, consistent with the
isotropic values of zero (Figure 3a); therefore, the orientation fact that the surface of ITO (rms values between 1 and 2 nm)
distributions for these films are also very close to an isotropic is much rougher than that of glass. Despite the increased
distribution. This explains both the broadness of the distribution roughness of ITO[P,(cos 6s)and (P4(cos 8s)Care not close
constructed from the mean values of the order parameters ago the isotropic value of zero, indicating that roughness of the
well as the very different distributions constructed using order substrate does not have a significant effect onBg(cos )0
parameters differing by one standard deviation from the mean values.

(Figure 3b_,2). On the_basis of these result_s, the orientation of [P.n(cos 6;)Cis defined here as the relationship between the
the heme in cyt solution adsorbed to ITO is close to random. 5xis normal to the heme plane and the electrostatic dipole

For uCP films on glass substrates, the mean valueEPgf moment of the protein. The overall dipole moment of cyias
(cos6)and[P4(cosH)Tall just outside of the range of allowed  been calculated from its crystal structure and is located at a
values (Figure 3a). Therefore, orientation distributions for these 33° angle from the heme plarf@We chose this particular angle
films were constructed using the mean value of the second orderbecause it relates the heme (the spectroscopic probe) to the
parameter and a value for the fourth order parameter that isproperties of the protein that control how the protein interacts
one standard deviation less than the mean value. In.@e with the surface (assuming that the dominant interaction is
films on both glass and ITO, the highest probability for the heme electrostatié®). Therefore,; is 57 and P,(cos 0;)0and
orientation is parallel to the surface, similar to the solution [P,(cos@;)Tare—0.055 and—0.352, respectively. Using, =
adsorbed films on glass (Figure 3B,and 4). These results  57° assumes that the position of the heme in the protein is
suggest that the orientation distribution faCP films is unchanged after adsorption to glass or ITO. SifRgcos 61)[]
determined by the first step of theCP printing process, in which  is very close to the isotropic value of zero, the product of the
protein is adsorbed to the PDMS stamp. This orientation order parameters in eq I,(cos6)Jwill also be close to zero,
distribution is then transferred to the substrate during the printing which complicates the analysis of protein orientation distribution
process. This hypothesis is supported by two pieces of data.(see below).

First, the orientation distribution of the heme group in cyt Using the assumptions stated above, eq 1 can be used to
films on I_TO _dlffers dep_endlng on the met_hod of fo_rmat|on. If calculatelP,(cosd,)and [P4(cosd;)values, which are listed

the proteins in the:CP films reorient (rotatl_onally dlffu_se) ON  for the four types of cytc films in Table 3. These order
the substrate surface after printing, the orientation distribution parameters describe the orientation of the adsorbed protein
would be similar for both solution adsorbed au@P films on gjecyles on the basis of the electrostatic dipole moment of
ITO. TheuCP printed films also have the same overall shape {he protein relative to the local surface normal. In all four cases,
to their orientation distributions, regardless of the substrate to 4,4 pairs of P(cosd,)(andP4(cosd,)values do not fall within
which they are transferred, while the solution adsorbed films 10 al10wed range of physically possible values indicated by
have different orientation distributions depending on the sub- {ha solid lines in Figure 3. For solution adsorbed films, the
strate. Second, during the inking step, cyforms multilayers standard deviations @P(cosé,)[andP4(cosé,)over a wide

on the PDMS surface, and these are subsequently transferreqynge of values, including a range of physically possible pairs
intact to the substrate during printing (see Table 1 for surface ¢ \ajues. However. there are many different orientation
coverage values). One possible explanation is that pyttially  gistributions within this range and thus a unique distribution
unfolds upon adsorption to PDMS, exposing hydrophobic ~5nnot be specified.

i i i i f . .
residues, which cause the adsorption and denaturation o There are at least two major factors that contribute to the

subsequent layers of protein. . i recovery of pairs offPy(cos 6,)Jand [P4(cos 6,)[values that
Order Parameters of Cytochromec. The following equation 56 ot physically plausible: (a) It is possible that the defined

relates the order parameters of the heme inayiith order  gentation (33 angle) between the heme and the overall
pararggters that describe the protein molecule and the sub-gjecrostatic dipole moment of the protein is not maintained upon
strate- surface adsorption; therefor@,,(cos#;)Cin eq 1 is not valid.

(b) Even if the angle between the heme and the electrostatic

[P5n(COSO) 1= [Py(c0SO3) TP, (COS0,) IP,,(cos ;) (1) dipole moment of the protein is maintained upon adsorption,
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the value offPy(cos 6;) (= —0.0551) for cytc is problematic nm of the electrode surfaéé%2The formal reduction potential
because it is close to the isotropic value of zero. Wii«cos and electroactive surface coverages of the films were also very
01)0~ 0, the product of the order parameters on the right side similar. The issue that complicates further comparison between
of eq 1,P,(cos) [ will also be~0. To solve eq 1 fofP,(cos the CV data and the results presented here is that the electro-
6,)0) Po(cos B)(an experimental value close to zero with an active (or electrochemical) surface coverage is much less than
error associated with it) must be divided iBy(cos61)(a very the total (spectroscopic) surface coverage. The solution adsorbed
small number), which increases the uncertaintyfis{cos6,)L] films are about 43% electroactive (22 pmolktotal surface
For example, the experimental values [®h(cos #)for the coverage, 9.5 pmol/chrelectroactive), while thaCP films are
solution adsorbed films on glass and ITO are very close to zero about 12% electroactive (65 pmol/notal surface coverage,
and the calculated value @P»(cos 0)0for these films has a 8 pmol/cn? electroactive$? Thus, for solution adsorbed films,
very large error associated with it (see Table 3). only half of the protein film is electroactive and contributes to
Despite the fact that the analysis of gyfilms on glass and  the measured rate of electron transfer. #0P films, only one-
ITO presented here did not yield orientation distributions for Sixth of the film is electroactive. Therefore, the measured rates
the protein molecules based on their molecular dipole moment, '8port on a subpopulation of the film, while the heme tilt angle
this type of analysis is instructive and can be applied to other distribution determined spectroscopically reports on the entire
types of molecular films. The effect of such variables as surface film- The electrochemical data do not contradict the heme tilt
roughness and the orientation of the chromophore relative to @ngles measured spectroscopically; however, a correlation
the molecule on any even numbered order parameter can be?etween them cannot be established using the techniques
quantified using the methods described in the first paper of this éPorted here.
series® as illustrated experimentally here. It is clear from this
analysis that the roughness of these substrates does not affe
the order parameters of the film to any great extent. In future  In summary, the second and fourth order parameters for four
studies, a probe molecule with[Rzn(cos 81)Ovalue far from different types of cyt films have been determined using ATR
zero would be a better system to use for this type of analysis. and TIRF spectroscopies. Experimental valuesdog yCwere
Correlation between Orientation Distribution, Surface determined for surface immobilized Zn cyt they were
Coverage, and Electron Transfer Behavior.Marcus theory ~ consistent across the four types of cftims and differed from
predicts that the rate of electron transfer is dependent expo_Va|UeS ofld¢og deetermined in viscous solution. Orientation
nentially on the distance between the redox center of the proteindistributions for the tilt angle of the prosthetic heme group of
and the electrode surfaéé36°The heme in cyt is positioned  the protein based di?x(cos6)andP4(cos6)Lwere constructed
asymmetrically within the protein molecuté.Thus, in an  using the maximum entropy method, modeling the protein as a
adsorbed cyt film, the heme-to-electrode distance distribution ~circular absorber. The orientation distribution for solution
will be a function of the molecular orientation distribution. The adsorbed films on glass apCP films on both glass and ITO
issue addressed here is whether structural aspects of tle cyt Show that the heme groups are oriented predominately parallel
films studied herein can be correlated with measurements Ofto the substrate plane. The orientation distribution of the heme
electron transfer rate and other electrochemical data. A numberdroups in solution adsorbed films on ITO is very broad and
of factors must be considered. The most important is that the Nearly isotropic. The effect of the roughness of the substrate
Spectroscopic methods emp|oyed herein measure the propertiegn the Orienta..tion distribution WaS. founq to b.e |nS|gn|f|Cant It
of all protein molecules in the f||m’ and cannot d|st|ngu|sh was not pOSSIble to I’ecqnstruct orientation distributions for the
between adsorbed proteins that can be reversibly oxidized andProtein molecules relative to the local surface norma) (
reduced at the electrode surface versus those that are adsorbe@ecause the order parameters are not physically reasonable. One
but not electroactive. If the electroactive fraction of the film is  contributing factor might be the angle between the heme and
<1, spectroscopic methods may not provide a representativethe overall electrostatic dipole moment of the protein, assumed
picture of the structure of the electroactive fraction. The use of Nere to be 57, which makesP,(cos ;) Llalmost isotropic and
an ITO electrode may contribute to this discrepancy. The surfaceincreases the uncertainty of the calculated valug(cos o)L
of ITO is very heterogeneous: a variety of functional groups 1he work presented here also addresses relationships between
are present? and the surface conductivity varies on the micron the structure and the electroactivity of ogtfilms on ITO;
length scalé! Thus, it is likely that some cyt molecules however, major differences in the total and electroactive surface
adsorbed to ITO are electrochemically inactive because theyCOverages complicate this analysis.
are confined to regions of the electrode surface that are
insulating.
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