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Chloroperoxidase on Periodic Mesoporous Organosilanes:
Immobilization and Reuse
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Six mesoporous materials functionalized with amine groups were developed and screened as potential
supports for chloroperoxidase (CPO). A periodic mesoporous organosilane (PMO PA-40) with pore
entrances large enough to allow the enzyme entry inside the pores was found to be the best support.
When CPO was immobilized onto this material, it could be reused 20 times with retention of activity.
On materials with litle mesoporous structure and/or pore entrances too narrow to allow the enzyme
entry to the channels, immobilized CPO rapidly lost activity upon reuse. Similarly, postsynthetic amino
functionalization of a pure silica mesoporous material did not yield a stable biocatalyst.

Introduction with microparticles and hydrogelsywhich may denature

, i ) ... the protein. However, careful selection of a suitably func-
Enzymes are nature’s enantioselective, substrate Spec'f'c[ionalized mesoporous structure is key to successful im-

catalysts that usually work under mild, environmentally ,,pijization. The protein needs to bind strongly to the

friendly conditions, e.g., in aqueous solutions and at room gt 5 that leaching is minimized while still retaining

temperature and atmospheric pressure. However, they argicient freedom of movement to perform its catalytic

expensive and when used in their water-soluble form are functions.

easily denatured and difficult to separate from the reaction Chl id . ile h id that

mixture for reuse. Immobilization onto a solid support can hloroperoxidase Is a versatile heme peroxidase tha
exhibits halogenase and peroxidative activity. It has

often overcome these limitations and thus expand the = . . ! . . ;
b significant potential for use in the fine chemical industry,

repertoire of conditions under which enzymes will function for ster lectiv xidatidAsChloroneroxid
and the reactions they can cataly4eifferent types of solid €.g., Tor stereoselective epoxida oroperoxidase.
(CPO) has been immobilized onto mesoporous materials

supports have been used in the immobilization of enzymes, ‘™ X o
e.g., sol geld,controlled pore glas,* nanoparticle$,and with some degree of success to dat® but its stability
mesoporous materiats? Mesoporous silicates (MPS), dis- to heat, pH1’2 and denatur_ants was not great_ly enhanced.
covered in 1992 by the Mobil research grdupffer the Aburto_(_at al:* reported an increase in th_e St"’.‘b""y of CPO
possibility of adsorbing or entrapping large biomolecules |mmob|I|zed.on pure S'I'(.:a and functionalized SBA-16
within their pores. They can have large pore diamete@s{ compared with freeé(;PO in the presence of the denaturant
. : : . urea. Hartmann et af. found that immobilized chloroper-

40 nm), highly ordered pore structures, with very tight pore ~ "~ . - )

), highly P uetu with very ignt p oxidase (on SBA-15) selectively oxidized indole to 2-ox-

size distributions and large surface aread @00 n¥ g™?). indol d i der oH than the
These properties, combined with good chemical stability, oindole and was aclive over a wider pri range than the Iree
enzyme. However, the recycling properties of CPO im-

make them ideal candidate materials for the generation of bilized ont fruct h ‘b
bioreactors. Additionally, they can be chemically modified ?o?tééze Ot(r):;ro sﬁzzz?tgroﬁsvz nkj)geur:eise?jveton?mmeoebrilli;g
with various functional groups. Proteins are adsorbed onto : . ) .

group chloroperoxidasé**® For example, Kadima and Pickafd

these materials after synthesis, thus avoiding the harsh tullv adsorbed CPO ont . -dl
conditions often required when using other supports, e.g.,Success ully adsorbed ¢ onto porous aminopropyl-giass
beads but found that it was easily removed by washing

with buffers of high ionic strength. Cross-linking the
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reduction in specific activity but the immobilized enzyme 98%), bis[3-(trimethoxysilyl)propyllamine (PA), trimethylbenzene

could be reused without loss in activity over four cycles. (TMB), pluronic surfactant F127 (EQ#POrEOs0q), sodium hy-
Mesoporous structures can be functionalized with organic droxide, citric acid, sodium citrate, hydrochloric acid (36%), ethanol,

: : : : .~ monochlorodimedon (MCD), and hydrogen peroxide (11.63 M).

groups (using organotrialkoxysilanes) by postsynthesis or in ) .

situ (i.e., organic groups are included in the reaction mixture Pluronic P_123 (E@’PO"JEOZ_O) V\_'as a gift from BASF.

during the synthesis of the mesoporous structure) methods, SYNthesis and Characterization of Mesoporous Supportsll

Both methods have disadvantages associated with them.materlals were labeled PMO Pwherex represents the varying

. . N . . percentages of silicon atomsg Eriginating from the PA precursor.
Postsynthess functionalization can resultin Iow Iogd|ngs of PMO PA-33 was synthesized following a published prot&idoiit
functional groups and pore blocking, whereas in situ func-

; e ) "7 using bis[3-(trimethoxysilyl)propyllamine instead of tris[3-(tri-
tionalization can disrupt the mesoporous structure formation methoxysilyl)propyl] isocyanurate. The surfactant used for this
and phase separation can occur. The use of precursorsnaterial was the triblock copolymer, P123. The surfactant, water,
consisting of alkoxysilanes bridged together by organic and acid were stirred at room temperature for 3 h, followed by
groups can eliminate some of these problems. The resultingfurther stirring at room temperature for 24 h after the addition of
materials, termed periodic mesoporous organosilanes (PMOs)the PA and TEOS. The reaction mixture was then autoclaved at
were first reported in 199%. Different surfactants, ionic 100 °C for 48 h. The molar reactant ratio used for PMO PA-33
strengths, acidic conditions, precursors, additives, and hy-Was (0.833:0.167:0.017:188:5.8 TEOS:PA:P12&Cl) so that
drothermal treatments all lead to different pore structure 33% of the silicon atoms in the final structure originated from the
outcomes. Wahab et Hl. synthesized a propyl-amine- PA precursor. The surfactant (P123) was removed by Soxhlet

o . . extraction with ethanol. A series of materials was synthesized
modified PMO (PMO PA) material by co-condensing an following the low-temperature method reported by Fan ét aking

am'no'funcnonal_'zed b“dge‘?' silesquioxane, I_OIS[3-(tr|_metho_X- F127, also a triblock copolymer, as the surfactant. The following
ysilyl)propyllamine (PA), with an ethane-bridged silesqui- reagents were stirred together ®h at 15°C: F127 (2.5 g), KCl
oxane using CTAB as a surfactant. They obtained pore sizes(12.5 g), TMB (3.47 mL), ad 2 M HCI (150 mL). The sources of

of approximately 4.5 nm with the degree of disorder silica, TEOS and PA (TEOS (18.48 mL) for PMO PA-0, TEOS
increasing with the percentage of PA used. However, as(14.4 mL) and PA (3.14 mL) for PMO PA-22, TEOS (11.15 mL)
noted by Hunks and Ozit¥,there is always the potential for ~and PA (5.45 mL) for PMO PA-40, and PA (13.59 mL) for PMO
phase Separation when using mixed precursors, resumng inPA-lOO) were mixed together and then added to the reaction mixture
the synthesis of a mixture of two distinct materials rather and left stirring at 15C for 24 h. This procedure yielded a 1:0.0024:

than one material with a homogeneous distribution of 2.16:0.3.2:4:‘100 Si:FlZ?:KC.I:TMB:HCIE#D molar ratio. Ihe
functional groups throughou. synthesis mixture was then incubated in an autoclave at°@00

. e for 24 h. The solid formed was filtered, washed with deionized
In the first syntheses of PMOs, cationic surfactants were \aier and air-dried before being addedtM HCI (~1 g of as-

used and the resultant mesopores were smai#(8m pore made product in 60 mL) and placed in an autoclave at°t2@or
diameter):® Pluronic surfactants such as P123 or F127 have 48 h, unless otherwise specified. The surfactant, F127, was removed
led to much larger pore PMOs (10 nthj° opening up the  from the materials by Soxhlet extraction with ethanol. Because of
potential of using these materials to adsorb larger molecules,the high salt content in the synthesis mixture, the materials were
e.g., enzymes. To date, the only published example of proteina” stirred in deionized water fa} h after removal of the surfactant
immobilization onto a PMO is a report describing the to remove any remaining salt.

adsorption of cytochrome ¢ onto a PMO synthesized with ~ The PMO PA-0 material was functionalized, postsynthesis, with
ethane bridging grougd:22In this work, we investigate the ~ amino groups by adding (3-aminopropyl)trimethoxysilane
immobilization, activity, and reuse of chloroperoxidase on (4.235 mL) b 1 g of theparent material and stirring in 30 mL of

PMO materials and on a postsynthesis amine-functionalizedl:4-dioxane. The mixture was refluxed (10002 °C) for 24 h.
mesoporous silicate The resultant white powder, labeled MHPMO PA-0, was filtered

and washed with diethyl ether (8 20 mL) and allowed to air-
dry.
Nitrogen gas adsorption/desorption isotherms were measured at
Materials. The following chemicals were obtained from Sigma- 77 K using a Micromeritics ASAP 2010 system. Samples were
Aldrich: chloroperoxidase froraldariomyces fumag(84.6 kU/ pretreated by heating under vacuum at 348 K for 12 h. The surface
mL, 8.8 kU/mL; all experiments and comparisons of materials were area was measured using the Brunauemmett-Teller (BET)
done with CPO of the same activity), tetraethoxysilane (TEOS, Method:* The pore size data were analyzed by the thermodynamic
based BarrettJoyner-Halenda (BJH) metha8on the adsorption

(16) (a) Asefa, T.. Maclachlan, M. J.: Coombs, N.: Ozin, G.Mature (pore channeld} and desorption (pore openingshranches of the
1999 402 867. (b) Inagaki, S.; Guan, S.: Fukushima, Y.; Ohsuna, N2 isotherm. Mesoporous volumes were estimated from the volume

Experimental Section

T.; Terasaki, OJ. Amer. Chem. S02999 121, 9611. (c) Melde, B. of nitrogen adsorbed after the micropores have been filled until

%-?io"éo”a”dv B. T.; Blanford, C. F.; Stein, Ahem. Mater1999 11, after condensation into the mesopores was complete. Particle size
(17) Wahab, M. A.; Imae, |.; Kawakami, Y.; Ha, C.-Bhem. Mater2005 was measured using a Malvern 2000 particle size analyzer. Samples

17, 2165. were pretreated by sonication for 15 min and stirring in aqueous

(18) Hunks, W. J.; Ozin, G. Al. Mater. Chem2005 15, 3716.
(19) Bao, X. Y.; Zhao, X. S.; Li, X.; Chia, P. A.; Li, J. Phys. Chem. B

2004 108, 4684. (23) Fan, J.; Yu, C,; Lei, J.; Zhang, Q.; Li, T.; Tu, B.; Zhou, W.; Zhao, D.
(20) Olkhovyk, O.; Jaroniec, MJ. Am. Chem. So@004 127, 60. J. Am. Chem. So@005 127, 10794.
(21) Hudson, S.; Magner, E.; Cooney, J.; Hodnett, BJKPhys. Chem. B (24) Brunauer, S.; Emmett, P. H.; Teller, E.Am. Chem. Sod.938 60,
2005 109, 19496. 309.

(22) Qiao, S. Z.; Yu, C. Z,; Xing, W.; Hu, Q. H.; Djojoputro, H.; Lu, G. (25) Barrett, E. P.; Joyner, L. G.; Halenda, PJPAm. Chem. Sod.95],
Q. Chem. Mater2005 17, 6172. 73, 373.
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Figure 1. (A) Calculated charge on CPO as a function of pH and (B) Pois8mitzmann electrostatic surface potential of CPO as calculated in GRASP
at pH 7.0 (blue represents areas of positive charge and red represents areas of negative charge).

solution at room temperature for 24 h. Isoelectric points were honiglab_publié®), was used to calculate surface electrostatic
measured using a Malvern Zetasizer 3000HSA. Samples were madepotentials of chloroperoxidase. Swiss Deep VAgand PyMOL3C

up in 18.2 M2 deionized water (Elgastat) at a concentration of were used to estimate the widest diameter. The PDB accession code
~0.5 mg/mL and sonicated for 15 min before zeta potential for chloroperoxidase is 1CP®.

measurements were taken. The pH of the solution was manually

adjusted by the addition of 0.1 M HCI or NaOH to-105 mL of Results and Discussion

the suspension before the zeta potential was measured.

Adsorption Experiments. CPO concentrations were calculated Properties of Chloroperoxidase.Applying the scheme
from the absorbance at 403 nm € 91200 Ml cm129 A previously developed to expedite the immobilization pro-
suspension of mesoporous support in the relevant buffer at acess’® we examined the charge and surface properties of
concentration of 2 mg/mL was dispersed by sonication for 15 min CPO by considering the amino acid composition of the
and stirred for 30 min. Equivalent volumes of the enzyme solution enzyme and their relative pKa values (Figure 1A) and by
and the suspension were then mixed together and incubated at 2,sing PoissorBoltzmann electrostatic potential calculations
°C at 160 rpm in a New Brunsywck Scientific C24|ncubaFor shaker \ithin the program GRASP (Figure 1B). On the basis of
Ior 12 h.tSamplzst\r/]verebcentt)nfugedfetth13000 9 f?r lt min at rooMm yhe aming acid composition and structure provided in the
emperature, and the absorbance of fhe supernatant was measurelgrotein Data Bank! GRASP takes into account the shape

at 403 nm. The concentration of the free enzyme was calculated d f th | lein i | -
and hence the quantity of enzyme immobilized was found. Leaching and curvature of the enzyme molecule In its electrostatic

of the immobilized enzyme from the support was monitored by Potential calculationd? By calculating the protein net
washing 2 mg of enzyme-loaded material with a range of buffers. chargé based on the i, values for the individual amino
Unless otherwise stated, enzyme loaded materials were waskpd (3 acids, the charges of the enzyme at different pH values can
with the immobilization buffer, followed by washing £3 with a be estimated. Although the effects of the protein environment
buffer of different pH value and finally with a buffer of higher  on the pKa value of each amino acid are not accounted for,
ionic strength (). The enzyme loss for each step was determined the calculated isoelectric point (IEP, Figure 1A) is consistent
by measuring the absorbance at 403 nm. . with the value of 4 reported in the literatu¥eElectrostatic
Chloroperoxidase Activity Assay.Hydrogen peroxide (0.03mL,  cajcylations for the surface of CPO indicate that the surface
4.8 mM) and 0.025 mL of CPO solution were added to 1.45 mL of o e qominantly negatively charged at pH 7, which is
0.1 mM monochlorodimedon and 20 mM potassium chloride in consistent with the low IEP of the protein (Figure 1B). CPO

either 100 mM or 10 mM citric acid/phosphate buffer at pH 275. | . v 6.2 inl hati idest di e
The reaction was monitored at 278 nm following the change in the IS e_lpprOX|matey - nm in length at its W'_ est dimen :
This characterization suggests that if CPO was to be

concentration of monochlorodimedon (MCBycp, 278 = 12.2 ] - : Y _ ~
mM-1 cm1). To assay the immobilized enzyme and to determine immobilized via electrostatic interactions, a positively charged
the loss in activity due to leaching of CPO, 2§ of CPO-PMO surface on the solid phase, with pore entrane@&s5 nm,

PA were added to the assay after one of the following treatments: would act as a good adsorbent material at pHb. This
washing once with 1 mL of the immobilization buffer r washing information provides a good starting point for the selection
once with 1 mL of immobilization buffer and once with 1 mL of  and development of tailored MPS materials for the generation
the assay buffer pH 2.75. Rates of reactions are reported as thegf immobilized CPO.

number of moles of monochlorodimedon chlorinated per second

over the first 30 s. Recycllng experiments consisted of adding fresh (28) Nicholls, A.; Sharp, K. A.: Honig, BProteins1991 11, 281.

MCD and hydrogen peroxide to 1 mg of CF@MO PA over 20 (29) Guex, N.; Diemand, A.; Peitsch, M. Crends Biochem. Sci999

cycles and the amount of MCD converted after 5 min was measured. 24, 364. i
The reaction mixture was centrifuged (13 000 rpm, 1 min°Q% (30) DeLano, W. L.The PyMOL Molecular Graphics SysteieLano
Scientific: San Carlos, CA2002
and the supernatant was removed between cycles. (31) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.;
Analysis of Protein Structure. GRASP, graphical representation Weissig, H.; Shindyalov, I. N.; Bourne, P. Ehe Protein Data Bank,
and analysis of structural properties (http://wiki.c2b2.columbia.edu/ Nucleic Acids ResearchRutgers, The State University of New

Jersey: Piscataway, NJ, 2000; Vol. 28, p 235.
(32) Bergfors, T. M.Protein Crystallisation, Techniques, Strategies and
(26) Morris, D. R.; Hager, L. PJ. Biol. Chem1966 241, 1763. Tips, A Laboratory Manualinternational University Line: La Jolla,
(27) Hallenberg, P. F.; Hager, L. Rlethods Enzymoll978 LII, 521. CA, 1999.
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Figure 2. Plots of (A) the pore size distribution and (B) zeta potential as a function of pH for PMO PA-33

Table 1. Physicochemical Properties of PMO-PA Materials

material surface area 6fy) Ceer Viotal (CM3/Q) pore size (des) (nm) pore size (ads) (nm) IEP particle gimg (

PMO PA-33 660 65 1.28 1620 9.2-30 9.0 55

PMO PA-0 272 110 0.97 617 13-36+ 4.1 40

PMO PA-22 468 69 0.6 35 12-25 7.6 30

PMO PA-40 335 57 0.65 410 r 9.1 18

PMO PA-100 139 47 0.29 a 14 10.2 47

NH>—PMO PA-0 153 41 0.54 +14 13-30 8.7 24

a Macropores.

Table 2. Mesoporous Volume of PMO PA Materials after Sonication PMO PA type materials show good potential as supports for
for 24 h in 100 mM pH 2.75 Aqueous Buffer CPO
_ initial mesoporous mesoporous volume Fan et af® synthesized a stable large pore cubic pure silica
material volume (cn¥/g) post-sonication (cffg)

mesoporous silicate by stirring a neutral surfactant F127, a

Emg 22:83 é-?g 8'38 swelling agent (trimethylbenzene), and tetraethoxysilane
PMO PA-22 0.41 0.36 together at low temperatures, followed by a high-temperature
PMO PA-40 0.43 0.32 hydrothermal treatment for 48 h at 14Q in 2 M HCI to
PMO PA-100 0 0

widen the entrances to the mesoporous channels. This was
observed by a shift in the position of the desorption branch
of the nitrogen isotherm after the hydrothermal treatment,
resulting in an increase in the pore entrance size frafrio

Physicochemical Properties of PMO Materials.PMO
PA-33, synthesized with P123 as a surfactant, exhibited a

narrow -pore|3|ze d'smbu“%T W'tr;] Iar?]e |Iodore ﬁpell"nlmgs 16.7 nm. Initial attempts in this study to synthesize a more
(approximately 1_920 nm, Table 1) t at‘?‘ ould easlly allow  giap1e PMO PA type material used this synthesis procedure
the chloroperoxidase molecules entry into the MeSOPOrous, ik ~.2204 of Si emanating from the PA precursor and 78%

channels (Eigure 2A). From X-ray diffraction pattems and g, TEOS, yielding PMO PA-22. This material did not lose
TEM analysis, PMO PA-33 has a disordered porous structure. j4 mesoporous structure upon sonication and stirring in

The zeta potential of the material as a function of pH (Figure |, ¢er over the pH range 2.75L0, Table 2. However, the
2B) yields an isoelectric point of 9.1. Over the pHrang&4  high-temperature hydrothermal treatment, which expanded
PMO PA-33 is positively charged and should interact in @ he pore entrance size of the pure silica materials, did not
favorable electrostatic manner with CPO, which should carry yie|d the same results with PMO PA-22. With this material,
a surface negative charge in this pH range. Preliminary the desorption branch gave a pore entrance size distribution
adsorption and activity studies indicated that PMO PA-33 4f 3—5 nm: too small to allow CPO molecules to enter into
would act as a good support for CPO. However, as the the mesoporous channels. Subsequent syntheses of PMO PA
immobilization process involves shaking the enzyme and materials used hydrothermal treatments for longer times at
solid support at various pH values, the support must be 140 °C in an attempt to expand the pore entrance size.
checked for its ability to withstand shaking in acidic, neutral, A series of PMO PA-22 materials were made, treating
or basic aqueous conditions. Such testing should always beat 140 °C for 24, 48, 96, and 192 h; however, longer
performed but unfortunately, this is not usually the case. hydrothermal treatment did not significantly or uniformly
Chloroperoxidase was stable to shaking (160 rpm) in buffers widen the pore entrances for the PMO PA-22 material
at pH 5-6 at 25°C. When PMO PA-33 was stirred in  (Figure 3A).

aqueous buffer solutions in the pH range W for 24 h, it A series of PMO PA materials (PMO PA-0, PMO PA-
lost much of its porous structure, Table 2. However if the 22, PMO PA-40, and PMO PA-100, Table 1) was made by
stability of this type of material could be improved, the large altering the composition ratio of the silica precursors (TEOS
pore size and favorable surface charge and composition (freeand PA), with 48 h of hydrothermal treatment at 1°4D It
amino groups) of these materials together with preliminary is clear from the shape of the nitrogen adsorption isotherm
immobilization and activity studies of CPO indicate that that PMO PA-100 has little mesoporous structure (Figure
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Figure 3. Nitrogen adsorption isotherms for (A) PMO PA-22 with hydrothermal treatments at@46r 24, 48, 96, and 192 h and (B) PMO PA-R)(
PMO PA-22 @), PMO PA-40 ®), PMO PA-100 #), hydrothermal treatment at 14C for 48 h.

30 4 Table 3. Specific Activity? of CPO in the Conversion of
Monochlorodimedon (0.1 mM) by Free and Immobilized CPO after
@ s | 30 s, in 10 mM Buffer pH 2.7%
g o A[MCDJ/t
£ Lo/ (umol/(umol x s)) A[MCDJ/t
2 201 o < o after 1 wash (umol/mol x s))
= immobilization after 1 wash
8 15 | O O A buffer assay buffer
=3 free 30
£ 10 | O CPO-PMO PA-33 17.1 2.3
g A CPO-PMO PA-22 10.3 2.3
g CPO-PMO PA-40 20 8.4
£ 05 CPO-PMO PA-100 22 1.3
o R A CPO-NH,—PMO PA-0 12.4 4.7
A . . | = ] ‘ a Assumes no leaching occurred during washifgsoading of CPO:
2 3 4 5 6 7 8 9 1.1 umol/g onto PMO PA-40, PMO PA-100 and NHPMO PA-0, 1.4

Immobilisation pH umol/g onto PMO PA-33, 0.3amol/g onto PMO PA-22.

Figure 4. Activity of free CPO ), CPO-PMO PA-33 @) and the P T
supernatanttl) at pH 2.75, initial [CPOJ= 0.46M, [PMO PA-33] = 1 volume, and pore size distribution (Table 1) were reduced

mg/mL, 25°C. in comparison to the parent materials. However, the pores
should have entrances wide enough to allow the CPO
3B). PMO PA-40 exhibited larger pore openings than PMO molecules inside the channels.
PA-22 (Table 1). Longer hydrothermal treatment again PMO PA-100 had the highest isoelectric point, at pH 10.2,
resulted in an increase in the disorder of all of the materials whereas the IEP of the remaining PMO PA materials
(data not shown). From the nitrogen adsorption isotherms, decreased with decreasing PA content (Table 1). The stability
the percentage of PA precursor in the synthesis mixture of the PMO PAx series was tested by sonication and stirring
strongly influenced the final structure formed, but not simply the materials in phosphate/citric acid buffer at pH 2.75, the
by increasing the disorder as was expecétedMO-PA-22 conditions for the activity assay for CPO. The materials
has much narrower pore entrances than PMO-PA-40. PMO-synthesized with F127 were found to be reasonably stable
PA-100 has the lowest surface area and total pore volume.under these conditions. Only small losses in the mesoporous
XRD analysis showed that, with the exception of the pure volumes of PMO PA-22 and PMO PA-40 were observed,
silica material PMO PA-0, which exhibited an ordered cubic and both materials retained distinct mesoporous structures
structure, the remaining materials were disordered (data not(Table 2).
shown). Immobilization of Chloroperoxidase. Initial immobiliza-

The physicochemical properties of the postsynthesis func-tion studies indicated that the optimum activity of CPO
tionalized material, Nes-PMO PA-0, are also listed in Table PMO PA-33 occurred when immobilization was conducted
1. This material was a pure silica cubic porous structure thatat pH 6 (Figure 4). At lower pH values of-%, not all of
was functionalized after the surfactant had been removedthe CPO was immobilized (the supernatant exhibited CPO
by refluxing it with 3-aminopropyltrimethoxysilane in 1,3-  activity). There was no CPO activity in the supernatant when
dioxane. The degree of functionalization is difficult to adsorption was performed at pH values between 6 and 8.
ascertain, as is the location of the functional groups; the However, the activity of CPO immobilized at pH 7 was
amino groups may not be homogeneously dispersed on thegreatly reduced and completely eliminated if immobilization
surface of the mesoporous channels. The surface area, por#&as performed at pH 8. This is consistent with the fact that

free CPO was inactive at pH 8. Complete adsorption of CPO
(33) Chong, A. S. M.; Zhao, X. SJ. Phys. Chem. 2003 107, 12650. occurred at pH 6, and the immobilized enzyme retained 75%
(34) Park, J.-B.; Clark, D. SBiotechnol. Bioeng2006 93, 1190. of the activity of free CPO.
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100 - Leaching tests were carried out on the immobilized CPO
8 04 xXX_ x A using the immobilization buffer (10 mM phosphate buffer,
S 80 =7XEX__XXx pH 6) and the assay buffer (10 mM citric acid/phosphate
‘G ;g i o Xy buffer, pH 2.75). Low levels of leaching were observed from
S 5 - XXy all five materials (PMO PA-33, PMO PA-22, PMO PA-40,
g 40 4 - X PMO PA-100, and Nk—-PMO PA-0) when they were
g 0. _ % washed with the immobilization buffer, but approximately
8 20 | - - X 40% of the adsorbed enzyme was leached during the first
X 10 T_ wash with the assay buffer with low levels of leachirg20o)
0 ‘ ; ; - during further washings. A similar leaching pattern was
0 5 10 15 20 observed for all materials when the assay buffer concentration
Cycle No. was increased from 10 mM to 100 mM. Similarly, Kadima
100 - et al'? found that when CPO was adsorbed on to amino-
o0 | B functionalized porous glass beads, at loadings of approxi-
Q gl ® " - mately 10.7umol/g, 5% of CPO was leached when it was
QEJ o | #e0o wm®E ggm R= washed with low ionic strength (5 mM, pH 6) buffer, whereas
5 O]®"w ®Pog . i 90% was leached on washing with high ionic strength (300
s 22 | Ae oo, mM, pH 6) buffer. Because of this high amount of leaching,
8 40 | As . 0 the activity of covalently immobilized CPO was examiriéd.
§ %0 | * . . nog The highest specific activity was observed at the lowest
Lz 0 1 AAA WS Bg enzyme loadings and was 36% of that of the free enzyme. It
> | A‘:’X was hoped that the confined space of the mesoporous
101 att S . channels in PMO PA materials would eliminate the need
0 0 5 10 15 20 for a covalent linker but still enable recycling of the
cvele N immobilized enzyme.
cle No.
Y Activity of CPO at pH 2.75: Free and Immobilized.
100 4 Seem = C The activity of free and immobilized CPO was compared
. m EE g or a materials. Control reactions showed that
%0 moEe = for all PMO PA ials. Control i howed th
g s #%, ag none of the PMO PA materials reacted with MCD in the
= 70 oo 0 presence of hydrogen peroxide. At high peroxide concentra-
2 60 o oy = tions, 2.3 mM, CPO can be deactivated by pero¥idet it
% 50 . o retains activity at a lower peroxide concentration of 0.096
g 40 ’. o mM. Some of the activity of CPGPMO PA bioreactors
8 30 . . may result from leaching, especially as 40% of the enzyme
< 20 e oe o was leached off during the first washing with the assay
10 | *e . o buffer. All of the bioreactors exhibited much lower activity
0 ¢ ‘ rates after being washed once with 10 mM assay buffer
0 5 10 15 20 (Table 3).
Cycle No. The leaching studies raise the question of whether the CPO

Figure 5. Percentage conversion of MCD (0.1 mM) by 1 mg of (A) CPO
PMO PA-33 material over 20 cycles in 10 mM (x) and 100 mM (-)
citric acid/phosphate pH 2.75 buffer, loading of 0.8#ol/g, and (B)
CPO-PMO PA-x 10 mM pH 2.75 buffer and (C) CPGPMO PA-x in
100 mM pH 2.75 buffer. Loading of 1.azmol/g: NH2-PMO PA-0 (),
PMO PA-40 @), PMO PA-100 #). Loading of 0.35umol/g: PMO PA-
22 (a).

Thus, immobilization studies were all performed at pH 6.
At an initial CPO concentration of 0.96M, PMO PA-0

adsorbed little CPO, whereas PMO PA-100, which exhibited

activity arises from the immobilized enzyme or from the slow
release of the remaining adsorbed enzyme into the reaction
solution. CPG-PMO PA-40 and CPONH,—PMO PA-0
retained the highest activity rates after washing with both
the immobilization and assay buffers (Table 3). If phase
separation occurs during the synthesis of PMO PA-40, it
would consist of a mixture of PMO PA-0 and PMO PA-
100. If this occurred, the CPO activity from CP®MO PA-

40 would originate from CPO immobilized on the PMO PA-
100 phase, as CPO does not adsorb onto the pure silica PMO
PA-0. However, CPGPMO PA-40 retained much higher

little mesoporous structure, adsorbed all of the CPO presentactivity than CPO-PMO PA-100 after being washed with

(0.95 umol/g). This indicated that the amino functional

the 10 mM assay buffer, indicating that the CPO was

groups on the surface of the material participate strongly in jmobilized onto PMO PA-40 in a different manner than
the adsorption of CPO. A lower loading was obtained on iy pMO PA-100. Thus, phase separation is not likely to have
PMO PA-22 (0.35:mol/g), which may be due to there being  occurred. Adsorption of the enzyme into the mesoporous
fewer available amino groups on the surface of the material channels of PMO PA-40 allows the enzyme to retain activity,
and its smaller pore entrances. PMO PA-33, PMO PA-40, unlike in CPO-PMO PA-100. The instability of PMO PA-
and NH—PMO PA-0 adsorbed all of the CPO present (0.95 33, the narrow pore entrances of PMO PA-22, the absence
umol/g). of a mesoporous structure in PMO PA-100, and the



Chloroperoxidase on Periodic Mesoporous Organosilanes Chem. Mater., Vol. 19, No. 8, 2085

heterogeneous distribution of amine functional groups in grafting of amino groups is difficult to estimate, as is the
NH,—PMO PA-0 may account for the greater loss in activity final location of the amino groups. Lei et &lreported that
compared to PMO PA-40. mesoporous silica functionalized with only 2% amino and
Immobilized CPO: Reuse.The activity of a milligram 2% carboxylic functional groups exhibited higher loadings
of support loaded with CPO was monitored over 20 cycles and better activity when supporting organophosphorus hy-
(Figure 5). With CPG-PMO PA-33 0.94umol/g), when drolase than when functionalized with 20% of the functional
the assay was conducted in the lower ionic strength assaygroups. Overall, the postsynthesis grafting of functional
buffer, activity was retained for longer than at higher groups is a more complicated process and depends largely
strengths (Figure 5A). Even at the lower ionic strength, on the reaction conditions during functionalization and the
however, the activity fell by~70% after 20 cycles. Thismay final material can be difficult to fully characterize. The
be due to leaching but also to the decomposition of the PMO location and percentage of amino groups in the,NAMO
PA-33 material, which would release the enzyme into the PA-0 material used here were not established and would have
reaction solution. PMO PA-40 was the optimal support a strong influence on activity.
material for CPO with the enzyme retaining its activity over
20 cycles (Figure 5B). However, at higher concentrations Conclusions

of buffer (100 mM), losses in CPO activity occurred after  ~po \yas successfully immobilized on a variety of newly

ca. 15 cycles. CPO immobilized on to MHPMO PA o ipesized PMO PA materials. Studies using EP®IO

retained 20% of its initial activity after 20 cycles. The pa_33 showed significant losses in activity over 20 cycles
enzyme appeared to be desorbed more easily from thej, 5 o\ jonic strength assay. However, some of this loss in

remaining two materials, PMO PA-100 and PMO PA-22. o ity could be attributed to the inherent instability of this

As mentioned above, PMO PA-100 does not have any g, material. The more stable PMO PA material, PMO
mesoporous structure and the entrance sizes of the MeSOPOrgSA_40 with pore entrances large enough to allow the enzyme
in PMO PA-22 were too small to allow the CPO molecules ¢y into the shelter of the pores was found to be a better

acciss to the slhelt(;:red interior, r?llow;]ng them E’ ;?S'de only sypport for CPO. If the CPO molecules do not have access
on the external surface area. When the assay buffer conceng, o shelter of mesopores of the support, as with PMO

tration was increased from 10 to 100 mM, the rate of 0SS pa_190 and PMO PA-22. the immobilized enzyme biocata-
of activity was increased slightly for PMO PA-100 and lyst lost all activity upon reuse. When the enzyme was

NH,—PMO PA-0 (Figure 5C). immobilized onto this PMO PA-40 material, it could be
The ability of CPG-PMO PA-40 to convert 80% (0.12 \o,564 20 times with little loss in activity. Thus, much work
umole) of the monochlorodimedon present in the reaction is required to fine-tune the properties of a mesoporous
mixture in 5 min over 20 cyc_les indicates that a significant material as a suitable host for an active enzyme. The
amount of active CPO is retained on the PMO PA-40 surface. j, o ant factors include pore size, stability, and distribution
In these experiments, equimolar amounts of hydrogen q¢ ' nctional groups of the material and size, surface

peroxide and monochlorodimedon were added, 100% Con'properties, and stability of the enzyme.

version of the substrate should be possible by altering the
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linking the enzyme to the support. The PMO-PA structure
is synthesized in one step, with a known extent of function-
alization. In contrast, the extent to which WHPMO PA-O  (35) i, c.; shin, V.; Liu, 3.; Ackerman, E. J. Am. Chem. So@002
was functionalized with amino groups in the postsynthesis 124, 11242.
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