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Abstract: Novel, injectable, and sprayable nanometer size hydrated silica particles encapsulating high molecular
weight compounds such a¥{lJtyraminylinulin (mol wt 5 kD), FITC-dextran (mol wt 19.6 kD), and horse

radish peroxidase (mol wt 40 kD) have been prepared and characterized. The size of these patrticles is always
below 100 nm in diameter and the entrapment efficiency was found to be as high as 80%. The entrapped
compounds show practically zero leachability for more than 45 days. Enzymes entrapped in these particles
show Michaelis-Menten kinetics and the catalytic reaction takes place only after the diffusion of substrate
molecules into the particles through the pores of the silica matrix. Peroxidase entrapped into silica nanoparticles
shows higher stability toward temperature and pH changes compared to free enzyme molecules.

Introduction obtained by this method is dried to obtain xerogels and is
grinded to powder before applicatiéh. This leads to not only

the formation of particles of uncontrolled sizes but also far from
uniform distribution of entrapped molecules in the ceramic
matrix. The enzyme entrapped in these dry as well as wet gel
'monoliths does not follow MichaelisMenten kinetics and,
therefore, quantitative assay, sometimes, becomes unréfialile.
Moreover, photometric monitoring of absorbencies of the
transparent glass of ceramic materials is always associated with

scattering of light and consequent loss of light intensity.

The newly emerging area of inorganic particles entrapping
biomolecules has already exhibited its diversity and potential
applications in many frontiers of modern material science
including sensors, biosensors, optical materials, biocatalysts
electrochemistry, immunochemistry, and materials for use in
environmental sciencés.Nanoencapsulation of enzymes by
inorganic materials for thim vivo use of sustained drug release
as well as drug targeting is also expected to have potentiality

in enzyme therapeutiés Particulate carriers of colloidal dimen- . . . . .
Aqueous dispersion of ceramic particles of nanometer size

sions and below such as liposomes, polymeric nanomrtides’containin enzymes (or other active molecules) entrapped in
microemulsion droplets, etc. have already attracted considerable 9 y pp

attention as drug carriers for achieving controlled delivery of :E.em could solvteh rr:jotst of the above protblems. Vl\)/el preiggt In
drugs at specific body sités. The inorganic particles have a . IS paper a method to prepare nanometer size ( elow 100 nm
number of advantages over organic oiesivo applications in diameter) ceramic part|cles with umforr_n size distribution

in the sense that (i) these are not subjected to microbial attack, f”‘i (atﬂcapsulatl?g_atqtlve r::_olr:acules that d'Spl‘?r/]’ tog large el;(-
(ii) there is no swelling or porosity change occurring in these ent, the characteristics which may overcome the above prob-

particles with the change of pH(iii) these materials can be lems.

prepared at low temperatdreo that the enzyme activity can ~ Most of the works reported so far are on the entrapment of

be retained, (iv) some of these inorganic materials are nontoxic €NZymes by ceramic materials made of silica QeEevgrse. '

and highly biocompatible, and (v) these particles containing mlcelle me_dlated preparations of nanometer size void silica

enzymes exhibit excellent storage stability of enzyrhes. particles without having any encapsulated materials have also
Entrapment of bioactive materials by ceramic gels was mostly been reported in the literatufe’® by controlled hydrolysis of

performed by using sol-gel methobi&:12 The glassy mass tetraalkylorthosilicate in reverse micellar droplets. In this paper
' we are reporting a novel method of preparing enzyme doped
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Figure 1. TEM pictures of (a) empty and (b) FITC-dextran loaded silica nanoparticles showing highly monodispersed nonsticking particles. (c)
Quassielastic laser light scattering (QELS) spectrum of encapsulating nanoparticles showing unimodal size distribution (mean particle diameter
~31 nm).

silica nanoparticles using the aqueous core of reverse micellarammonia buffer (pH-9.0) in instalments and the aqueous dispersion

droplets as host reactots. was subjected to dialysis through a 12 kD cut-off cellulose membrane
for 24 h. The unentrapped large molecules like enzymes or FITC-Dx,
Experimental Section as in the present case, that did not escape through dialysis were
separated by gel filtration with sephadex G-100. The silica nanopar-
Materials. Triton X-100 ¢-octyl-CeHs-(OCH,CH,)xOH, wherex ticles containing encapsulated materials are eluted at the void volume,
= 9—10), n-hexanol, cyclohexane, and horse radish peroxidBse= ( whereas free compounds which escape encapsulation elute at later times.

3.0) were purchased from SRL, India, and were used without any further  Quasielastic laser light scattering (QELS) spectra of encapsulating
treatment. Fluorescein Isothiocyanate-Dextran (FITC-Dextran) and nanoparticles were taken with a Brookhaven BI9000 fitted with a
tetramethy! orthosilicate (TMOS) were obtained from Sigma (USA). BI200SM goniometer. An argon ion air-cooled laser was operated at
[*#] Tyraminylinulin was a gift from Prof P. C. Ghosh (Department 488 nm as a light source and the measurements were done at a scattering
of Biochemistry, Delhi University). angle of 90. The time-dependent autocorrelation function was derived
To form the core of the particles, we used hydrated silica as the by using a 136 channel digital photon correlator. TEM pictures were
material is known to be safe in the human body within the range of taken in a JEOL JEM2000 Ex200 model electron microscope.
administered dose. By adjustment of the size of the aqueous core of
the reverse micellar droplets, the size of the silica nanoparticles can beResylts and Discussion
controlled. Silica nanoparticles encapsulating FITC-Dextran of average
molecular weight of 19.6 kD, as an example, were prepared as TEM and QELS results show that the particles have spherical
follows: a 18.4 mL sample of 10% w/w of a mixture of Triton X-100  shape and are highly monodispersed (Figure 1a,b,c). The QELS
and n-hexanol (in the molar ratio 1:5) in cyclohexane was taken to spectrum shows unimodal size distribution (mean diame8dr
which 18.0uL of FITC-Dx solution (16 mg/mL) and 212L of 1.05 nm for the particles prepared with the above protocol).
Zmﬂ)?gnéilsoalmo:o(g‘cg\?s if%vﬁfnﬁ?weﬁgfggfjdmﬁg}i-r?; r'\r’]'ixture To determine the encapsulation properties of hydrated silica
y P ) articles, loaded nanoparticles were prepared in the same one-

was a clear microemulsion solution. Since the temperature has a strongD d . icell d d with
influence on the size of the particles formed in micellar métihe step procedure in reverse micelles and were extracted wit

hydrolysis reaction was allowed to take place at ice-cold temperature 8dueous buffer. After dialysis, the entire SO'““‘?” was diluted
to have the minimum possible size of the particles. Hence, to an ice- t0 10 mL by aqueous buffer and a part of it was filtered through
cold solution of this microemulsion was added 2800f neat TMOS millipore UFP2THK24 (100 kD cut-off) filter to separate the
and the mixture was shaken continuously for-16 min. TMOS goes unentrapped compound. Entrapment efficieri€y%) of silica
slowly into the aqueous core of reverse micellar droplets where it is nanoparticles was calculated from the concentrations of unen-
hydrolyzed in ammonia solution to form hydrated silica. The insoluble trapped and total added material. TEeof the particles
hydrated silica took the shape of particles encapsulating active moleculescomaining [2Si]tyraminylinulin (mol wt 5 kD) at its different
Fresfén:]in _tlt]he hoslt agueous corE_. dTr;e mixtu;e Wastl)(.ept ir:ja refrigeratory yye 4 concentrations in the micellar medium is shown in Figure
or . The solution was turbid. It was then subjected to vacuum . -
evaporation at room temperature to completely remove cyclohexane.z' Th_eE of the compounds like FITC-Dx and H_orse Rgd'Sh
The viscous glassy mass was then extracted with 5 mL of aqueousperoxldase (HRP) (mol wt 40 kD) are also very high and in the
range of 86-90%.
(20) Note Added in Proof: A reviewer has kindly referred to a paper on In zitro leaching of FITC-Dx and HRP from hydrated silica

encapsulation of lipase by silica nanoparticles in w/o microemulsions. The - - -
dotaihed reforence. of tha baper is pKusunoki’ Ko Kawakami, K. 1m.. Particles were studied. The compounds are practically unleach-

mobilization of Lipase into silica fine particles by sol-gel transition in w/o ~ able even in aqueous dispersion for a prolonged period of 45
microemulsionsin Bull. Fac. Eng. Kyushu Sangyo Uni1996, 33, 48. days or more. The encapsulated HRP in silica nanoparticles

The paper was intentionally omitted from the reference list because it ; Wi idati
appeared that the paper is of little interest to the present work. shows enzymatic activity on pyrogallol oxidation by hydrogen

(21) Munshi, N.; De, T. K.; Maitra, A. NJ. Colloid Interface Sci1997, peroxide. The time-dependent formation of purpurogallin (OD
190, 387. measured at 420 nm) in the presence of HRP entrapped in silica
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— Concentration  (mg/mi) of ““I Tyrominyl Inulin in the Figure 4. Temperature-dependent initial slopes of the formation of

aqueos core of the micellar droplets —=
Figure 2. Entrapment efficiency K, %) of silica nanoparticles
containing different concentrations of2jJtyraminylinulin in the
micellar medium.

purpurogallin (OD at 420 nm) by HRP catalyzed oxidation of pyrogallol

by hydrogen peroxide at pH 7.0 (0.05 M phosphate buffer). Curve a:
Free enzyme in aqueous buffer with (dotted) and without dispersed
void nanoparticles. Curve b: Enzyme entrapped in nanoparticles.

Concentrations of the reactants are the same in all solutions and as
mentioned in Figure 3.

0.6

show that the reaction rate is directly proportional to temperature
(@) in all three cases although the increase in rate with temperature
e is less for the system containing enzyme entrapped in silica
nanoparticles (Figure 4). The free enzyme is stable up to 75
7 °C, above which it loses its activity, while the entrapped enzyme
is stable even at higher temperature. Measurements beyond 80
Z °C did not give reliable results due to formation of bubbles in
(b) the solutions.
0.2 % The analysis of the MichaelidMenten kinetics of the
entrapped as well as free HRP from the Lineweaver Burk plots
7 revealed signs of diffusion-dependent kinetics. The high affinity
/ of the free enzyme is depicted from the Michaelis constar},
7 of 2.53 umol/mL while the entrapped enzyme has an average
05 3 - s Km of 5.40 umol/mL. The reduced affinity for the substrate
Time (min) can be accounted for by such factors as constrained diffusion
of the substrates, conformational distortion of the entrapped

catalyzed oxidation of pyrogallol by hydrogen peroxide at pH 7.5 (0.05 €NZyme, and, perhaps, silylation of some protein surface groups
M phosphate buffer) and 2@C. OD was measured at 420 nm. Curve Py TMOS. Actually it is remarkable that despite all these
a: free enzyme in aqueous buffer with (dotted) and without dispersed Negative factors, the entrapped enzyme shows significant
void nanoparticles. Curve b: Enzyme entrapped in silica nanoparticles catalytic activity while inside the matrix of the silica nanopar-
and dispersed in aqueous buffer. Concentrations of enzyme andticles.
substrates are same in all the solutions. [HRPJ.6 x 1077 mg/mL; The pH-dependent turnover numbers of HRP in encapsulated
[H207] = 0.44 mM; [pyrogallol]= 60 mM. as well as in free form are shown in Figure 5. While the free

] o ) ) enzyme shows a maximum of its activity at pH7.2, the
nanoparticles, as shown in Figure 3, is slower than that in the entrapped enzyme exhibits a gradual rise of activity even at
presence of exactly the same amount of free HRP in agueouspH 8.0. No measurement beyond this pH has been made
buffer. Void silica nanoparticles incubated overnight with the pecause of autoxidation of pyrogallol in alkaline solution. Silica
same amount of HRP in solution at room temperatur@Q nanoparticles are negatively charged partiéte3herefore, the
°C) produce HRP activity more or less identical with that of polyionic matrices of the charged silica particles should have
free enzyme and higher than that of entrapped enzyme inthe general effect of causing a partitioning of protons between
nanoparticles under similar conditions. This indicates that HRP, the pulk phase and the enzyme microenvironment. Such proton
indeed, is encapsulated inside the matrix of silica nanoparticlespartitioning in the encapsulated enzyme system and the conse-
and is not adsorbed on the particle surface. It is apparent thatquent shift of pH maximum are observed in the case of charged
the reasons for the low activity of the entrapped enzyme may polymeric nanoparticles al$8.
be either (i) due to the conformational change of the enzyme in = |5 all these experiments it has been observed that the
the silica matrices, which caused partial denaturation of enzyme, entrapped enzyme induces a lower rate of catalytic reaction than
or (i) the diﬁusional constraint of the substrate through the pores hat of free enzyme. If the enzyme has a high intrinsic specific
of the nanoparticles to reach the enzyme surface entrappedqctivity, the substrate concentration gradient between the bulk
inside, or (iii) both the factors simultaneously. Temperature- . —
dependent initial slopes of rate of formation of purpurogallin ggg #gv Eﬁ,Ki\I h%??r?m;tgybmggglcﬂ;e%ésﬁﬂrﬁ?gléhét?gr?'an g
in the presence of free enzyme, free enzyme adsorbed on theyppiications in BiotechnologyJohn Wiley & Sons: New York, 1980;
void particle surface, and the presence of entrapped enzymeChapter 2, p 11.
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Figure 3. Time-dependent formation of purpurogallin by and HRP
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6.0 stances, the reaction velocity is related to the substrate as well
as the diffusional path length (i.e. particle size)The reaction
velocity is related to the substrate diffusion in a very complicated

5.0 I way. Inthe limitR— 0, there will be no difflusional resistance

to mass transfer and the reaction rate to be very high and
-~ approaching that of the free enzyme. The relatively higher
'o 40 reaction rate of free HRP as well as HRP adsorbed on the
© particle surface compared to entrapped enzyme is, therefore,
N direct evidence of the fact that the diffusional constraint of the
© 30 (b) substrate has a strong influence on the reaction rate.
x
5 Conclusions
g 20

Finally it can be concluded that ultrafine silica nanoparticles
doped with enzyme can be prepared by using an aqueous core
ok of reverse micellar droplets as the nanoreactor. These particles
are highly monodispersed. Although the leachability of enzyme

molecules from these particles is practically zero over a long
) L L period of time, the entrapped enzyme shows activity. Encap-
4 5 6 7 8 - . S

oH _sulatepl silica nanoparticles rep_orted in this paper could be _u_sed
in various ways. Encapsulation of enzyme by these silica
oxidation o_f pyrogallol by hydr_ogen pe_roxide at 20_. Curve a: Free nar:oparrt]lcles and (tjhefllr.admlrylsirhatl%n (Iin the anlllmal SySte;ntr:O
enzyme with (dotted) and without dispersed void nanoparticles in repienish enzyme deticiency in the body as wetl as use ot the
aqueous buffers, Curve b: Entrapped enzyme in silica nanoparticles EZYMe as medicine would be possible without having any risk
and dispersed in various aqueous buffersfiwas varied from 2.2 of allergic or proteolytic reactions of these enzymes due to their
to 0.44 mM. practically zero leachability. The specific antigeamtibody

reactions can be performed in the body with soluble hapgiens.

of solution and inside the nanoparticles will be steep. There These small molecules can diffuse easily through the pores of
will be a time when the enzyme may starve for the substrate the silica nanoparticles and can react specifically with the
and its activity will remain under-utilized and thus the effective encapsulated antibodies. Antibody encapsulation by these
activity of the enzyme will be formally reduced. Since the particles can be used as a sensor for specific antigen detéttion.
reaction rate is also dependent, among other factors, on theWith further study, these encapsulating ceramic particles can
substrate diffusion through the pores of the nanoparticles, thebe used as improved biosensor devices and for vaccine formula-
rate is also related to the diffusion path length (i.e. particle size) tion.22 Some work in these directions is already in progress
as well as the rate of diffusion of the substrate toward the and will be communicated in due course.
enzyme surfac& At the steady state of reaction, the rate of
internal substrate diffusion inside the polymer matrix at any  Acknowledgment. A.N.M. thanks the Department of Sci-
point must equal its rate of removal by the enzyme. Let us ence and Technology, Government of India for financial
assume that (i) the enzyme is completely entrapped within the assistance in the form of a research project.
matrix of nanoparticles, (i) the Michaelidlenten model JA973849X
describes the enzyme Kkinetic reaction, (iii) the system is
operating under steady state condition and is isothermal, (iv) (25) Carr, P. W.; Bowers, L. D. ltmmobilised Enzymes in Analytical
the diffusion of the substrate and the product obeys Fick’s law and Clinical ChemistryJohn Wiley & Sons: New York, 1980; p 379.

and the effective diffusivity is constant throughout the nano- 33§2%J°rdan’ J. D.; Dunbar, R. A.; Bright, . Xnal. Chim. Actal 966,

particles, (v) there is no external diffusion resistance, and (vi)  (27) Roux, C.; Livage, J.; Farhati, K.; Monjour, L. Sol-Gel Sci. Technol.

neither partition nor inhibition occurs. Under such circum- 1997,8, 663,

(28) Kreuter, J. Nanoparticles as Adjuvants for VacciresVaccine
(24) O'Driscoll, K. F.; Hingberg, I.; Korus, R.; Kapoulas, A. Polym. Design: The Subunit and Adjant Approach Powell, M. F., Newman,

Sci.1974,46, 227. M. J., Eds.; Plenum Press: New York, 1995.

Figure 5. pH-dependent turnover numbeét.{) for HRP catalyzed




