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Porous polycarbonate (PC) membranes with pore diameters of either 400 or 100 nm were used as
supports for the layer-by-layer deposition of peroxidasely(sodium 4-styrenesulfonate) complexes
[(POD—PSS)] and oppositely charged poly(allylamine hydrochloride) (PAH) to prepare high-surface-
area thin films for biocatalysis. Formation of the multilayer films was verified by scanning electron
microscopy and transmission electron microscopy following dissolution of the porous PC template to
generate POD/polyelectrolyte (PE) tubes. An average thicknesS aofm was calculated for each (PGD
PSSYPAH bilayer, as determined from microscopy images. The activity of the POD/PE multilayer films
was found to be dependent on the amount of enzyme in the film (which is determined by the number of
(POD—-PSS) layers deposited) and the total membrane surface area. Films deposited on the PC membranes
with 100-nm-diameter pores showed maximum bioactivity at five (P®BS) layers. Beyond this layer
number the total membrane activity decreased sharply, which is attributed to membrane pore blockage.
Films deposited on PC membranes with pore diameters of 400 nm showed regularly increasing bioactivity
up to seven (POBPSS) layers, with a plateau in activity observed thereafter. Activity enhancements of
up to almost an order of magnitude larger were observed for the enzyme films deposited on the PC
membranes (e.g., 100-nm pore diameter membranes with 4% porosity), compared with identical films
formed on nonporous supports (e.g., quartz slides) with the same geometrical area. The reported method
for the preparation of membrane-supported biocatalysts provides a viable approach for the generation of
high-enzyme-content thin films with tailored bioactivity.

Introduction (LbL) method'° has been utilized to fabricate protein
) ) o multilayers via the sequential assembly of various proteins
The construction of protein-based thin films has long 5. oppositely charged polyelectrolytes (PEsY The utility

attracted widespread interest, largely because of their rel-o¢) b processed protein multilayers has been demonstrated
evance to biotechnology. For example, protein films are i, ihe areas of biocataly$fs4and immunosensing. How-

routinely employed in bioseparations, immunoassays, diag-eyer, in the biocatalysis field, one key issue pertaining to
nostics, localization, and catalysis: Protein thin films are | ) enzyme multilayered films is that substrate diffusion

commonly prepared by physical adsorption, solvent casting, pecomes progressively dominant as the film thickness
covalent binding, electropolymerization, Langmelodgett  jncreases, hence directly limiting the activity and perfor-
deposition, and selgel methods.Recently, interest has also  1ance of the film&:121920The influence of such substrate

focused on the preparation of multilayer protein films. Such yitfusion effects in enzyme multilayers can be counterbal-
multilayer architectures can be engineered to contain a highgnceq by employing high-surface-area supports for film

density of biomolecules, which can lead to enhanced ormation. For example, we recently reported the preparation
sensitivities for the detection of biomolecular species.
Biospecific interactions, such as biotistreptavidin binding, X - -
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of colloids with enzyme/PE multilayer shel&?' The and PSS in the solutions were 1 and 2 mglrespectively. Under
inherently high surface area of colloidal particles makes them the conditions used, the (POIPSS) are negatively charged, as
especially useful for exploitation as enzyme carriers. We assessed b§-potential measuremen3PE (PEI, PSS, and PAH)
demonstrated that these enzyme/PE multilayer-coated parSelutions of 1 mg mL* in water containing 0.5 M NaCl were used
ticles are efficient colloidal enzymatic biocatalysts. Addition- foF depositing individual PE layers. The water used in all experi-
ally, the particles can be prepared with tailored catalytic ments was prepared in a Milli-Q system and had a resistivity higher

tiviti d di th b f | than 18.2 M2 cm.
activities (depending on the number of enzyme layers Multilayer Film Formation on PC Membranes. Positively

deposited) and with multiple catalytic functioffsAs part charged PEI was first adsorbed by immersing the membranes into
of our efforts focusing on the preparation of high-surface- 3 pg| solution, immediately sonicating for 2 min, and allowing 60
area enzyme thin films, we have recently also reported the min for adsorption. The PEI-modified membrane was then rinsed
use of macroporous supports (both inorganic and polymer with water three times for 1 min. Negatively charged (PEESS)
frameworks) for enzyme immobilizatid#23 For macroporous ~ and positively charged PAH were then alternately adsorbed using
zeolitic supports, the enzyme adsorbed amounts and activitieghe same procedure. Cyclic adsorption of (PEE5S) and PAH
show an approximate linear correlation with membrane Was conducted until the desired number of Iayer; was depo§ited.
thicknes$2 while enzyme-loaded porous polymer films can All layers were assembled at 4C and maintained at this

be readily utilized for potentiometric analyte detect?dfor temperature throughout.

both systems, the film efficiency or sensing enhancement Quartz Crystal Microbalance .(QCM) Measurements. QCM
measurements were made by using a Q-sense D300 device equipped

was significantly higher (approxi_mately an order of magni- with a flow cell (Q-Sense AB, Vetra Fidundra, Sweden). The
tude) than that of corresponding films with closed macropores emperature of the measurement chamber was kept at@@i6ring
(i.e., nonporous films). the experiments. A gold-coated 5 MHz AT-cut quartz crystal was
Herein, we examine the use of porous membrane supportsexcited at its third overtone~(15 MHz) and the change in the
for the preparation of LbL enzyme/PE multilayers on resonance frequencyAf) was recorded. The frequency values
polycarbonate (PC) membranes with varying pore sizes. Theobtained were divided by 3 for direct comparison with the base
formation of multilayers of different materials on porous freduéncy data obtained at 5 MHz. The Sauerbrey equation was
membranes via the LBL approach has recently been re_used to calculate the mass of the ac_;lsorbed Iayersfosmaluesz.i3
ported?*2¢ Following dissolution of the membrane template, For the setup employed, a correlation factoKb# 17.7 ng Hz

b ised of polvel N polvel e/ cm2 applies?® The QCM electrodes were cleaned by piranha
nanotubes comprised of polye ectroyfé 'polyelectrolyte treatment, as described elsewh®ra&.PEI layer was then deposited,

nanoparticlé? ando,w-diorganophosphonatef2have been  foji0wed by thoroughly rinsing with water. Alternating layers of
prepared. In the current work, we deposit enzyme complexespss/pPoD or (POBPSSYPAH were then adsorbed onto the QCM
(peroxidase-poly(sodium 4-styrenesulfonate), (POD-P$S)  electrodes, as described earlier.

in alternation with oppositely charged poly(allylamine hy- Scanning Electron Microscopy (SEM). SEM images were
drochloride) (PAH) on the porous PC membranes to obtain recorded with a XL 30 FEG (Philips) instrument operated at an
membrane-supported enzyme multilayers for biocatalysis acceleration voltage of 2 kV. POD/PE tube samples were prepared
investigations. The effect of membrane pore size, porosity, Py dissolving the PC membrane template from the coated mem-
and film thickness on membrane bioactivity is examined. Pranes in dichloromethane, washing with water, and placing a drop
This approach enables the preparation of membrane-im-Of the diluted tube suspension onto a glass microscope slide

mobilized enzvme biocatalvsts with tailored bioactivit (precleaned by ultrasonication in acetone for 10 min, ethanol rinsing,
y y Y- and nitrogen drying). The samples were sputter-coated with a thin

) ) gold film.
Experimental Section Transmission Electron Microscopy (TEM). TEM samples were
prepared by placing a drop of the POD/PE tube suspension onto a

Materials. PC membranes (46-mm diameter) with pore diqmeters TEM grid. A Philips CM 120 microscope operated at 120 kV was
of 100 or 400 £20%) nm, a pore depth of 1m, and porosities used for analysis

of 4 and 13%, respectively, were obtained from Millipéfdoly- UV—Visible Spectrophotometry. UV —vis spectra were re-

(ethyleneimine) (gPEIMéV 25 OOS),h F;AH M 70 093)’ PSS Nl corded on a HP 8453 spectrophotometer (Agilent, Palo Alto, CA).
70 000), PODp-dianisidine, and hydrogen peroxideABY) were Enzymatic Activity Assays.A colorimetric assay was performed

purchased from Sigma-A_Idrich. A”. chemicalg were _used S {0 determine the activity of POD immobilized in the films on the
received, except PSS, which was dialyzed against Milli-Q water PC membranes. The test solution contained 7.5 mL of 0.21 mM

(My cutof‘f_14 kDa)_and lyophilized prior to use. Phosphate buffer o-dianisidine (0.05 M PB, pH 6.0), 0.1 mL of 30% (wt %),6b,
(PB) solutions of different pHs were prepared from'O..OS M BraH and 2.4 mL of HO. The maximum UV absorption of the reaction
PQ;, N&HPQ, and NaOHAql_Jeous solutions contamlng (PGD product of o-dianisidine at 460 nm was used to determine the
P_SS_) were prepared by adding POD_ and PSS to a vial and then activity of POD in the sampl&

diluting with 0.05 M pH 5.0 PB. The final concentrations of POD

Results and Discussion
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Figure 1. Real-time monitoring of the formation of POD/PSS (a) and
(POD-PSSYPAH (b) multilayer films on QCM electrodes. A PEI layer
was deposited first, followed by alternating layers of POD (1 mg #L
pH 5.0 PB) and PSS (1 mg mk, 0.5 M NaCl) (a) or (POB-PSS} (1 mg
mL~1 POD/2 mg mL1 PSS, pH 5.0 PB) and PAH (1 mg mkcontaining
0.5 M NacCl) (b). Intermediate water washing steps were used.

PSSYPAH multilayer films on planar supports. Figure 1
shows theAF andAmtrends for the formation of POD/PSS
(a) and (POB-PSSYPAH (b) multilayer films. The electrode
was first primed with a layer of PEI, and alternating layers
were then deposited with intermediate washing steps. The

frequency decrease corresponds to an increase in adsorbe

mass on the electrode, while the frequency increase during
the washing steps is ascribed to the effect of ion concentration
on the frequency in the setup us&@iFigure 1a shows QCM
frequency decreases for the first two adsorption cycles of
PSS and POD. However, subsequent adsorption steps yiel
frequency decreases for the POD adsorption steps an

frequency increases for the PSS deposition steps, indicatingp
that the films do not grow regularly. This is attributed to the d

stripping of POD from the surface upon exposure to PSS
solutions and the formation of water-soluble POBSS
complexeg? Similar results were reported earlier for the
desorption of urease by poly(diallyldimethylammonium
chloride) (PDDA) via the LbL methoét In that work it was
shown that improved stability with respect to protein
retention against polyelectrolyte stripping can be achieved
by an additional nanoparticle layer (e.g., gold, silica, or
magnetite nanoparticle) prior to adsorbing the enzyme.
Alternatively, the stability of enzymes in thin films can be
significantly improved by adsorbing the enzyme in the form
of a complex with an oppositely charged polyelectro”##.
The formation of enzymepolyelectrolyte complexes in
solution has been extensively studied by several researc
groups'~32 Herein, we apply this latter approach to avoid
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Figure 2. Plot of the POD concentration in the (P©PSS) solution versus

the amount of POD adsorbed on PEI-modified PC membranes with pore
diameters of 400 nm. The concentration ratio of POD/PSS in (PPE5)

was 1:2 (w/w), and the adsorption time was 60 min. The line drawn is to
guide the eye.

enzyme loss from the surface in the LbL buildup of the
enzyme/PE multilayer films on the porous membranes. We
complexed POD (isoelectric point of 8.0) with PSS at pH
5.0 at a ratio of 1:2 w/w (POD/PSS), as this yields (POD
PSS) that are negatively charged-potentials of ca—50
mV are observed for (POBPSS)-coated particle). Figure
1b shows the in situ formation of (POEPSSYPAH
multilayer films by alternately adsorbing (PGIPSS) and
PAH, with intermediate washing steps. A systematic decrease
in the QCM frequency is observed for the (POBSSY
PAH deposition steps, indicating the successful formation
of POD/PE multilayer films. ThAF per (POD-PSSYyPAH
bilayer is—43 &+ 3 Hz. Using thisAF value in the Sauerbrey
relation?® a Am of 761 4+ 53 ng cm? is calculated. For
comparison, a close-packed monomolecular layer of POD
is expected to yield &m of ca. 350 ng cm?. It is noted
that in the QCM measurements, the total oscillating mass is
etected, and therefore any water hydrodynamically coupled
the films will contribute to the observed frequency change.
(POD—-PSS)/PAH layers were then deposited onto PC
membranes by using the same conditions as those employed
for the QCM experiments, with the exception that sonication
as applied for 2 min at the beginning of each adsorption
tep to aid transportation of the coating materials into the
embrane pores. The amount of POD immobilized onto a
C membrane after the (POGIPSS) adsorption step was
etermined by monitoring the difference in the absorbance
of the (POD-PSS) solution at 403 nm before and after
exposure to the membrane. The POD absorption peak at 403
nm corresponds to the Soret absorption band of the iron (l11)
heme structuré! Figure 2 shows the influence of the (PED
PSS) solution concentration (the ratio of POD/PSS was fixed
at 1:2 w/w) on the quantity of POD immobilized on the 400-
nm-pore PC membranes. For an adsorption time of 60 min,

(31) Margolin, A. L.; Sherstyuk, S. F.; lzumrudove, V. A.; Zezin, A. B,;

Kabanov, V. A.Eur. J. Biochem1985 146, 625.

Zezin, A. B.; lzumrudov, V. A.; Kabanov, V. AMakromol. Chem.,

Macromol. Symp1989 26, 249.

(33) Izumi, T.; Hirata, M.; Takahashi, K.; Kokufuta, E. Macromol. Sci.,
Pure Appl. Chem1994 A31, 39.

34) (a) Theorell, H.; Ehrenberg, Acta Chem. Scand 951 5, 823. (b)
George, P.; Hanania, ®iochem. J1953 55, 236. (c) Nassar, A.-E.
F.; Willis, W. S.; Rusling, J. FAnal. Chem1995 67, 2386.
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Figure 4. Film enzymatic activity (absorption of product ofdianisidine

at 460 nm) as a function of bilayer number for (POBSS)yPAH
multilayers deposited on quartz slides (a) and PC membranes with 100-nm
(b) or 400-nm (c) pores. Solution compositions: (PEESS) (1 mg mLt
POD/2 mg mL1 PSS, pH 5.0 PB) and PAH (1 mg mkcontaining 0.5 M
NacCl). The lines drawn are to guide the eye. The activity data for the films
on the quartz slides were normalized to the same geometrical area of the
PC membranes.

adsorption of a layer of (POBPPSS) and another of PAH.)
This value is close to the wall thickness expected by
Figure 3. SEM (a) and TEM (b) images of POD/PE tubes obtained from assuming a thickness of1 nm per PE Iaye?b;_and t_hat POD
400-nm pore PC membranes coated with [(PGESSYPAH]-o multilayer forms a monolayer (ca. 3.5 if#?9. Tubes with thicknesses
films. The PC membrane was dissolved in dichloromethane. Solution |egs than 50 nm (i.e., tubes comprising less than 10 bilayers)
compositions: (POBPSS) (1 mg mL1 POD/2 mg mL-t PSS, pH 5.0 ’ .
PB); PAH (1 mg mL? containing 0.5 M NaCl). showed collapsed structures (as observed by SEM), in

accordance with our previous work on PE tube¥/e also
the amount of POD immobilized on the membrane increasesdepos'ted POD/PE multlayer films on PC membranes with

sharply with increasing POD concentration in the range-0.5 100-nm_—diameter pOTes. .TUb(? structures similar to those
1.0 mg mL=L. At a POD concentration of 0.5 mg mt, the shown in Figure 3 but with diameters 6100 nm were

amount of immobilized POD is 32g. This value increases obtained (d_a_ta not shown). . .

5-fold to 176ug at a POD concentration of 1.0 mg miL PO.D Actmty Asga_y. A colorimetric assay based on_the
However, above this point, a 50% further increase in the reaction .ofo-d|an|5|d|ne ar_1d kD, was used for measuring
POD concentration yields only a 28% increase in adsorbedthe activity of.mgmb.raneqmmoblhzed EO@The reaction
POD. For our coating experiments, we chose to employ product ofo-dianisidine has an absorption peak at 460 nm,

solutions containing 1.0 mg mt POD and 2.0 mg mt! which can be used to determine the total enzymatic activity
PSS ' ' of the film. Figure 4 (curve b) shows the total activity of a

POD/PE-coated membrane (with 100-nm pores) as a function

Multilaygr Film Chara'lcterization. The (POD-PSSY of the number of (POBPSSYPAH bilayers deposited. First,
PAH multilayers deposited on PC porous templates were the total POD activity of the membrane increases with

characterized by SEM and TEM after dissolving the PC ;nreasing POD content in the film. The maximum mem-
membrane template. Flg_ure 3a shows an SEM image of ;¢ activity is obtained for five (POBPSSYPAH bilay-
[(POD—PSSYPAH)20 multilayers formed on PC membranes ers, after which the total enzymatic activity begins to
with 400-nm-diameter pores and subsequently released fromdecrease, finally plateauing after eight bilayers. Considering

the membrane. Tubular structures of various lengths can bethat the multilayer films also deposit on the top and bottom

sr:aenH.erw IUb?ShOf length of ca. Am, corresporr:difng to . surfaces of the membrane (see Figure 3a), we attribute the
the thickness of the membrane, are observed. The Orm‘"‘t'onsharp activity decrease to increased blockage of the mem-

of shorter tubes reflects the fact that some cylindrical pores brane pores. Pore blockage would manifest itself as an

in the PC membranes are not continuous throughout the iyt decrease because of substrate diffusion limitations
entire thickness of the membrane. Additionally, tube break- 4 o quced enzyme accessibifi§:192To examine this
age during Sa”_‘p'e preparation (templat_e di_ssolution, Soni'further, we deposited (POBPSSYPAH multilayer films on
cat|on_, and drlylng)hmay ;‘ISO be/a contrlb_utmg falc'For. The nonporous substrates (quartz slides). As shown in Figure 4
SEM Image also s ows the POD/PE coating resulting from (curve a), the activity of the enzyme films constructed on
adsorption on the top and bottom surfaces of the m_embrane,[he quartz slides increases up to seven bilayers. The
TEM analysis of the same sample further confirms the deposition of further enzymePE layers does not yield
tbular structure (Figure 3b). As calculated from TEM, the increased activity, which is again due to substrate diffusion

outer diamgters of the tubgs are approximately 400 nm, limitations upon increasing the film thickness. The activity
corresponding to the pore diameter of the membrane used.

The wall thiCkneS_S of the tube V_Vith 20 bilayers is 208 (35) Caruso, F.; Lichtenfeld, H.; Donath, E.;"Mweald, H.Macromolecules
nm, or 4-5 nm/bilayer. (One bilayer corresponds to the 1999 32, 2317.
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saturation value obtained (0.03) is close to the corresponding400-nm pore diameter membranes (Figure 4 (curve c), bilayer
values measured for the 100-nm pore diameter membranesiumber= 7).
(0.04, curve b), supporting the argument of pore blockage. In summary, we have demonstrated that enzyme-modified
The point at which pore closure becomes dominant is PC porous membranes with tailored bioactivity can be
dependent upon the pore diameter of the membranes. Asprepared by the alternate deposition of (PEPBS) and
shown in Figure 4 (curve c), (POEPSSYPAH multilayer oppositely charged PAH. The film bioactivity is related to
films deposited onto PC membranes with 400-nm pores the total surface area of the membrane, which is governed
display qualitative trends in activity similar to those of by the pore size and porosity, and the number of enzyme-
identical films deposited on quartz slides (curve a). No sharp containing layers deposited. Activity values up to ap-
activity decrease is seen, even for membranes coated withproximately 9-fold higher are obtained for POD/PE-modified
12 bilayers. membranes than for the same films deposited onto (nonpo-
The approximate surface area of the membranes wasrous) quartz slides. By judicious selection of membrane
calculated by an analysis of the number of pores and poretemplates with higher porosity (e.g., 460% for alumina
diameter of the membranes (assuming the pores extendmembranes), much higher activitiesY order of magnitude)
throughout the membrane). Using this method, membranesshould be attainable. Due to the flexibility of the LbL
with 100-nm pores~{4% porosity) have a surface area of technique, the current work provides a facile approach to
ca. 298 cr while the surface area for the membranes with prepare high-surface-area supported enzyme films with
400-nm pores+{13% porosity) is ca. 235 ctnThese values  diverse composition, structure, and bioactivity.
are approximately 9 and 7 times larger, respectively, than
that of a nonporous substrate with the same geometrical area Acknowledgment. J. Quinn is thanked for assistance with
(i.e., 33.2 cr). Notably, the relative difference in the surface the SEM measurements, and K. Katagiri and Y. Wang are
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activity data obtained. Compared with the same enzyme acknowledged for helpful discussions. This work was supported
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