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Abstract

A new approach to synthesis and the possibility of application of solid gel matrices containing the target analyte, a cancer drug—doxorubicin
for the calibration of UV-vis spectrometers is presented. The doxorubicin-loaded gels were prepared by the acid-catalyzed sol—-gel pre-doping
method. The efficiency of doxorubicin encapsulation in gels by the sol-gel process wasl1®¥ (w/w). The amount of doxorubicin
encapsulated per unit mass of the gel (1g) was found to be independent of the mass of the gel taken for analysis, which demonstrates the
homogeneity of encapsulation of the drug in the gel matrix. The gelation process of doxorubicin in the sol was found to be both repeatable
(R.S.D.=11.2% fon =80, confidence levd? = 95%)and reproducible (largest value of R.S.D. = 4.8%rfer27, P = 95%).

The prepared doxorubicin-loaded gel matrices are characterized primarily by their lack of toxicity as compared to the toxic free form of
doxorubicin as well as by high stability over a long-time span.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The main problem encountered by the analyst when
preparing standard solutions of doxorubicin is its high tox-
One of the trends in the area of preparation of referenceicity. Doxorubicin is a cytotoxic and cytostatic drug with
materials is to develop methods that would allow making a low-therapeutic index, used in chemotherapy of cancers
standards with a very wide and controlled concentration range[14—17]. Another problem is its sensitivity to many physical
of the analyte(s). The calibration of an instrument over awide and chemical factors, which has been confirmed by our pre-
measuring range using such reference materials would resultiminary investigations as well as by other authfirs—17].
in the reduction of time and tediousness as well as elimina- The stability of doxorubicin in aqueous solution can be af-
tion of errors caused by the lack of traceability. According to fected by many factors such as pH (doxorubicin is stable in
International Organization for Standardization—ISO Guide acidic solutions in the pH range 3.0-6.5, but rapid decom-
30, 1992, all reference materials should meet the basic re-position occurs at higher pH (6.5-12), buffer concentrations,
quirements of representativeness, homogeneity, and stabilitytemperature, light, and metal iofi$,16]. We also found that
[1,2]. A search of the literature available reveals a number of doxorubicin is gradually destabilized in the presence of visi-
new procedures for the preparation of reference materials, butble light and with an increase in temperature from 21 t6G7
they deal primarily with the generation of gaseous standard the rate of degradation process increg4&$. Doxorubicin
mixtures[3—13]. has also been found to adsorb onto various materials such
as polytetrafluoroethylene (PTFE), glass, polyethylene, and
* Corresponding author. Tel.: +48 58 349 31 53; fax: +48 58 349 32 06, PIaStiC containers, but not to silanized glass or polypropylene
E-mail addressmprokop@biology.pl (M. Prokopowicz). 16].
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At the calibration stage of an analytical device, the prepa- ditions and the toxicity of the compound itself, is therefore
ration of a series of standard liquid mixtures of doxorubicin the objective of this research.
is limited by the time it takes for the drug to be analyzed.

Otherwise, this time of preparation can be the source of a

statistically significant uncertainty in the result associated 2. Experimental
with the change in true value of concentration of doxoru-

bicin in standard solutions resulting from its photodegra- 2.1. Materials
dation.

This paper presents a new approach to the preparation- Reference substance: Doxorubicin hydrochloride 200 mg,
of reference materials with doxorubicin based on using the 99.0% G7H29NO1:HCI; M=580.0gmot? from Pro-
sol-gel pre-doping method for the synthesis of stable solid mochem Standard Supplies, Poland;
and monolithic materials containing the drug. The principle - 0.05 M Tris buffer (pH 7.4), tetraethoxysilane, hydrochlo-
of the sol-gel method is based on reactions of hydrolysis and ric acid (36%), ethanol (99%) (Analytical Reagent Grade)
polycondensation of alkoxides taking place in solution dur-  were all from Merck, Poland.
ing formation of a silica gdl18,19]. Admixtures of an active
substance are introduced into the polymer during the sol for- 2.2. Apparatus
mation step and the molecules are permanently trapped in the
gel matrix as a result of polycondensation reaction. Introduc-  Analytical balance RADWAG, Poland. The manufac-
ing an acid or base catalyst, which also determine the poreturer’s calibration uncertainty was0.0001 g. It included the
size and the shape of polymeric structures, reduces the gelaanalyst's repeatability (at a confidence level 95%) and the
tion time of solution. This also provides a number of different buoyancy correction. The system of supercritical fluid drying
applications for gel polymers. The products of acid conden- consistof an autoclave, a supercritical fluid-pumping module,
sation are weakly linked gels-yielding structures with small and a pump to deliver the rinse solvents. The process of su-
pore, but of improved mechanical strength as compared topercritical fluid drying was computer-controlled to facilitate
the products of basic catalysis. Basic catalysis favors the for-reproducibility.
mation of agglomerate consisting of branched colloidal par- An HP 8452A Diode-Array UV-vis spectrophotome-
ticles, which yields a porous material with high-adsorption ter equipped with an accessory for solid samples (Hewlett
capacity[20-22]. Packard, Palo Alto, CA) and connected to an IBM Pentium

This paper describes the preparation of amorphous silical00 computer were used in the investigations. For statistical
gels in the form of monoliths whose important properties calculations, version 4.2 of Matlab program (Math Works
are their high purity and homogeneity, which allows spec- Inc.) was used.
trophotometric investigation of thus prepared materials. The
use of solid, silicate gel matrices with encapsulated dox- 2.3. Preparation of standard solutions of doxorubicin by
orubicin as reference materials is also encouraged by thea static (volumetric) method
trends in preparation of new solid forms of the drug, in-
cluding tablets, pellets, microspheres, nanospheres as well A weighed sample of doxorubicin (DOX HCI)
as implant416,17,23,24]. The authors of this paper already 104+0.1mg was dissolved in 50mL of Tris buffer so-
attempted to prepare a new form of the drug—doxorubicin us- lution (pH 7.4) in a silanized polypropylene volumetric
ing gel matrices loaded with the active ingredient synthesized flask in the absence of light. Various standard solutions of
by the base-catalyzed sol-gel pre-doping method facilitating doxorubicin (from 0.0lgmL~1 to 200.0ug mL~1) were
the diffusion of the drug through the porgs’]. Every new then prepared from this stock solution after adequate dilution
form of a drug requires closely controlled investigations in with a buffer solution. The solutions were prepared quickly
vitro related to the determination of both efficiency and repro- to limit the exposure to light and carefully due to a high
ducibility of the drug preparation process, the kinetics of drug toxicity of doxorubicin.
release, the stability of the active ingredient under different
measurement conditions, etc. An additional importantreason2.4. Synthesis of doxorubicin-loaded gels using the
for search for such reference materials is the fact that typical sol-gel pre-doping method
silicone implants unmodified with organic components and
containing an active substance are not biodegradable either The first step in the preparation of the gel with a mass of
in vivo or in vitro; consequently, in the course of laboratory 1 gwas the reaction of partial hydrolysis and condensation of
studies in vivo and using animals a continuous monitoring of the precursor—tetraethoxysilane with deionized water: 3.2 g
the implant during and after its biomedical function is rec- (£0.0001 g) of tetraethoxysilane and 15 mL of ethanol were
ommended. slowly stirred for 15 min in a polyethylene flask (25 mL vol-

The search for materials, which could be used in the fu- ume). Next, 1 mL of deionized water with a catalyst (one
ture as reference materials that would improve the stability drop of HCI) was added, and the mixture was stirred for fur-
of the analyte and limit both the effect of environmental con- ther 30 min (during this time an aqueous sol containing hy-
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droxylated water-soluble species—polysilanols was obtained  As aresult of the synthesis, Go-drying and shrinkage of
through polycondensatidi8]). doxorubicin-loaded gel matrices, some of the cylindrical pel-
Inthe second step, the sol was mixed with 1 mL of a260 lets (which are monolithic, crack-free and transparent) were
standard, buffered solution of doxorubicin and gelation was obtained with masses ranging from 0.01 g (+£0.0001g)to 1 g
initiated (at this time hydrolysis is compl€tt8]). From this (£0.0001 g). Thus, selected prepared gels containing dox-
time on, the solation process was carried out in the dark. Theorubicin were kept in a desiccator for 2—6 days prior to spec-
solution was initially red because of the color of doxorubicin. tral studies. About a 100 syntheses of doxorubicin-loaded
Afterwards, the sol solution of doxorubicin was poured into gel matrices were carried out using the procedure described
polypropylene capsules 15 mm in diameter and with variable above.
thickness from 15 mm to 35 mm. About 10 doxorubicin-loaded gel pellets prepared by
In the next step, a doxorubicin-doped hydrogels were ob- means of the sol-gel method were stored for a period of 6
tained through polycondensation (polycondensation leads toand 12 months in a desiccator at room temperature in order
the formation of soluble macromers and then colloids, which to check their stability. On the other hand, to investigate the
coalesce and raise the solution viscosity to the sol-gel tran-reproducibility of doxorubicin encapsulation by the sol-gel
sition, at which bulk gelation occuf48]). In the last step,  process, successive batches of doxorubicin-loaded gels were
the doxorubicin-loaded hydrogels were aged in a closed sys-prepared under the same conditions and in the same number
tem (further polycondensation leads to formation of the aged of samples but over different and independent time periods
hydrogel[18]). Then, the aged doxorubicin-doped hydrogels of 1, 6, 12, 18 and 24 months.
were washed and conditioned with Tris buffer (pH 7.4) and
subjected to controlled drying (the room temperature drying 2.5. Formulation of pure gel without doxorubicin using
of the hydrogels at 2% 2°C for 1 day), which resultsin pore  the sol-gel method
collapse. Afterwards, the products were carefully put into an
autoclave and covered with ethanol to obtain monolithic gels  Control samples (pure gels) were analyzed at the same
without cracks. Under constant cooling to °I5, the auto- time as investigated samples in order to check both the trans-
clave was filled with liquid C@ and pressure increased to mission of UV-vis light and the purity of gel matrices ob-
55 bar. The exhange process lasted 1-3 daysdt tepend- tained by the sol—gel process.
ing on the thickness (in the range from 10 mm to 30 mm) of  To that end, in the second step of formulation of the gels
the gel samples. The average flow of liquid £@rough the described above the sol was mixed with water without an
autoclave was adjusted to about 250 mL mlinAfter the ex- addition of doxorubicin and the rest of the procedure was
change, a heating rate of @6 min—! from 10°C to 35°C exactly the same.
was chosen. The pressure was pumped to 85 bar during this Colorless, monolithic gels (without doxorubicin) with
operation. After holding for 2 h at maximum temperature and masses ranging from 0.01 g (£0.0001 g) to 1g (£0.0001 g)
pressure, the Cfwas slowly released over 24 h and the dried were choserfig. 1represents a UV-vis (in the region from
gels are removed from the autoclave. The color of the aged300 nm to 800 nm) transmission spectrum of thus obtained
gel containing doxorubicin was red. pure gel (mass 04 0.0001 g; thickness 25 mm).

Absorbance of doxorubicin (b) [a.u.]

Transmittance of pure silica gel (a) [a.u.]

1 1 -y 0.0
500 600 700 800

Wavelength[nm]

Fig. 1. UV-vis transmission spectra of pure gel (blank probe) of mass 0.5 g with thickness 25 mm (a). UV-vis absorption spectra of doxorubicin-loaded gel of
mass 0.5 g with thickness 25 mm (b).
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2.6. Spectral characteristics of doxorubicin e determination of stability of doxorubicin-loaded gel ma-
encapsulated in gel matrices and in buffer solutions trices during storage in a desiccator at room temperature;
e determination of the effect of UV-vis light on the trans-
Spectral characteristics in the UV-vis region (from parency of doxorubicin-loaded gel and pure gel samples
300 nmto 800 nra- 0.1 nm, measured quantity—absorbance  over time;
A £+ 0.005 AU) of doxorubicin (10Q.g) encapsulated in gel e determination of the dependence of readout of a UV—vis
matrices with masses 0.5g (+0.0001 g) (thickness 25mm) spectrophotometer on the mass of pellets of doxorubicin-
were determined (Fig. 1). The pure gel (0.5g; thickness loaded gels.
25mm) was used as a blank reference. Spectral analysis of i ) .
doxorubicin in liquid samples containing the same amountof '© this end, the weighed pellets of doxorubicin-loaded
the analyte (10Q.g) was carried out in 10-mm cuvettes using gel (10 samples for eagh mass of the gel) were analy;ed
the buffer as a reference solution under the same Conditions_sp'ectrophotometrlcalily in the selected wavelength region
The two sets of spectra obtained in the analyzed wavelengthUSing pure gels having the same masses as the analyzed
range were not statistically different either qualitatively or doXorubicin-loaded gels as a reference. This procedure was
quantitatively. Consequently, spectral characterization of the US€d In all stages of the investigation.

synthesized doxorubicin-loaded gels can be carried out on '_I'he quantitative deterr_n|_nat|on of an analytg in the
the basis of pre-calibration of a spectrometer using standard"/éighted pellets of doxorubicin-loaded gel was carried out on
liquid solutions of doxorubicin the basis of pre-calibration of a spectrometer using standard

The absorption spectra from 300 nm to 800 nm of dox- duid solutions of doxorubicin.
orubicin in liquid samples exhibit six maxima: two strong:
2=333.4nm and 352.0nm, and four weak: 388.0nm, 2.8. Investigation of the efficiency of sol-gel method for
375.0nm, 595.0 nm and 630.0 nm. Quantitative determina- encapsulation of doxorubicin in gels
tion of the analyte in liquid samples at the six wavelengths

corresponding to these maxima revealed that in the concen- The analysis of spectra of pure gel matrices revealed a
tration range of the analyte: general transparency and purity, which is a function of wave-

length in the region from 320 nm to 800 nm (Fig. 1), which

- from 0.1ugmL~! to 100ugmL~! linear calibration demonstrates that the selected conditions of preparation and
curves following the Lambert—Beer law were obtained at drying of gels were appropriate, thus allowing spectropho-
the analytical wavelength =333.4 nm corresponding to  tometric investigation. The characteristics of doxorubicin-

the absorbance maximum; loaded gels (expected and determined values for the amounts
- from 10pgmL~! to 160pugmL~! at the wavelength  of doxorubicin in doxorubicin-loaded gels as well as the de-
A=352.0nm; termined value of the amount of doxorubicin per unit mass
- from 20ugmL~! to 200ugmL~! at the wavelength  of the gel) are listed iffable 1. Acceptance of the sol—gel
A=595.0nm. method for encapsulation of doxorubicin in terms of its ac-
curacy and precision (expressed as R.S.D.%) was based upon
For the remaining three wavelength4:=388.0nm,  the confidence interval values of the average content of dox-

575.0nm and 630.0 nm small deviations from the Lambert— orypicin per unit mass of the gel calculated at the 95% confi-
Beer law were observed in the investigated range of doxoru- gence level (1 g). The average amount of encapsulated dox-

bicin concentrations in solution. orubicin was expressed as the average value of 80 determi-
nations of the amount of encapsulated doxorubicin per unit

2.7. Evaluation of doxorubicin encapsulation method mass of the gel (w/w). The loading efficiency was calculated

using the sol—-gel process as the percent ratio of the actual amount of doxorubicin in-

corporated into the gels (per 1g) to the initial amount used

Characterization of doxorubicin encapsulation by the (expected value).

sol—-gel process required the following steps:

2.9. Determination of degree of homogeneity of

e examination of transparency (purity) in the region from doxorubicin encapsulation in the bulk of gel
300 to 800 nm of pure gel matrices;

e investigation of the amount and efficiency of doxorubicin The investigation of degree of homogeneity of doxoru-
encapsulation during sol gelation by the sol-gel method as pjcin encapsulation in the bulk of the gel involved statistical
well as checking whether the drug was uniformly trapped evaluation whether there was dependence between the
in the bulk of the g8| during gelation of the sol with the amount of drug released per unit mass of the ge] (1 g) and
doxorubicin solution (investigation of the degree of homo-  the mass of gel taken for analysis over the mass range from
geneity of doxorubicin encapsulation); 0.01gto 1g (+£0.0001 gFig. 2shows the functional depen-

e examination of reproducibility of the sol-gel method of dence (y= a+ bx) of the amount of doxorubicin encapsulated
doxorubicin encapsulation; per unit mass of the gel (1g) (y) on the mass of a sample of
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Table 1

Statistical evaluation of the dependence of the amount of doxorubicin encapsulated in gel on the mass of doxorubicin-loaded gel
Mass of Expected amount of  Determined amount of Confidence limits for Amount of doxorubicin per
doxorubicin-loaded doxorubicin in gel doxorubicin in gel (ng) the average (R.S.D.%) unit mass of gel (wggt)
gel (9) (r9)

0.001 0.001 0.2 ] ND ND

0.005 0.005 1 ND ND ND

0.01 0.01 2 19 20 190 180
0.01 0.01 2.1 22 2.1+ 0.10(5.8) 210 220
0.01 0.01 2.2 21 220 210
0.01 0.01 1.9 20 190 200
0.02 0.02 4 3.9 40 195 200
0.02 0.02 3.9 41 3.9+ 0.13(3.9) 195 205
0.02 0.02 4.3 38 215 190
0.02 0.02 4.0 39 200 195
0.05 0.05 10 11.0 110 220 220
0.05 0.05 10.3 98 10.4+ 0.41 (4.7) 206 196
0.05 0.05 9.9 108 198 216
0.05 0.05 10.5 100 210 200
0.08 0.08 16 15.7 154 196 193
0.08 0.08 15.5 160 15.9+ 0.45 (3.4) 194 200
0.08 0.08 16.3 163 204 204
0.08 0.08 17.0 156 213 195
0.10 0.10 20 21.2 220 212 220
0.10 0.10 20.4 210 20.7 + 0.62 (3.6) 204 210
0.10 0.10 21.0 199 210 199
0.10 0.10 19.7 206 197 206
0.2 02 40 429 405 215 203
0.2 02 41.0 432 41 + 1.6 (4.1) 205 216
0.2 02 33.9 382 195 191
0.2 02 425 390 213 195
0.35 0.35 70 71.1 722 203 206
0.35 0.35 74.5 705 71+ 1.8(2.9) 213 201
0.35 0.35 70.9 689 203 197
0.35 0.35 69.0 678 197 194
0.5 05 100 100.6 998 201 200
0.5 05 105.2 106.0 102 + 2.2 (2.6) 210 212
0.5 05 9.0 101.1 198 202
0.5 05 102.1 104.8 204 210
0.75 0.75 150 152.2 144.6 203 193
0.75 0.75 163.4 151.0 153+ 5.2 (4.1) 218 201
0.75 0.75 150.0 147.8 200 197
0.75 0.75 155.5 160.0 207 213
1 1 200 201.4 213.2 201 213
1 1 205.3 200.8 205 + 4.5(2.6) 205 200
1 1 199.2 205.3 199 205
1 1 199.5 211.4 199 211

201+ 5.0;n=80; S.D.=22.5; R.S.D.=11.2%

ND—not detectedy £ Ax—confidence limits of the average value-the average valuedx = fqit x S,—1/+/n—the standard errof§,_1/x—the relative
standard deviation (R.S.D.j,_1—the standard deviation (S.D:—the number of measurementg;:(«, n—1)—critical value found in statistics tables;
a—significance level.

doxorubicin-loaded gel (x). Ideally, when the drug encapsu- 2.10. Statistical analysis of reproducibility of the sol—gel
lation is homogeneous in the bulk of the gel, there should be method of doxorubicin encapsulation

no relationship between the two variables and the function

should have the forrg=a, wherea is the average mass of Statistical analysis of reproducibility of the sol-gel
doxorubicin encapsulated per unit mass of the gel. method of doxorubicin encapsulation involved estimating
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Fig. 2. Dependence of the amount of doxorubicin encapsulated per unit massyjfaetlfe total mass of doxorubicin-loaded gel usedLl(inear regression
equation for the average valyes 203.3 + 0.98x;¢4/c = 0.12 standard deviation of the slofg=5.43; (tac = 0.18); standard deviation of the interce®t= 2.42;
(tcaic=0.20).

the parameters characterizing precision and accuracy of de-dependence of the characteristics of doxorubicin-loaded gels
terminations obtained for all series (s&ection 2.3) of on the storage time. Consequently, these results will not be
preparations being compared (R.S.D. and 95% limits of presented in this paper.

the confidence interval of the average value). The average

amounts of doxorubicin encapsulated per unit mass of the2.12. Determination of UV-vis light influence on the

gel prepared in different independent time intervals using transparency of the pure and doxorubicin sol—gel

the sol-gel method and 95% limits of their confidence in- samples over time

tervals are shown iffable 2. Hartley'sFmax test was used

to examine the equality of variances in all the measure-  The investigation of the effect of time of UV—vis irradi-
ment series being compared while the Studentsst was — ation of samples of pure gel and doxorubicin-loaded gels on
used to compare the average values obtained for each seriethe changes in light transmittance of pure gels and spectral

[25,26]. changes of doxorubicin in gels aimed at determining the
maximum time of their use as reference materials. The
2.11. The effect of storage time of drug-loaded gels on measurements were carried out on 10 samples of pure gel
the characteristics of doxorubicin-loaded gels and and 10 samples of doxorubicin-loaded gel having masses
stability of doxorubicin of 1g (+0.0001g) prepared in 10 independent series of

preparations. Samples of pure gel and of doxorubicin-loaded
The investigation of the effect of storage time of drug- gel were exposed to UV-vis radiation in the region from

loaded gels on the characteristics of doxorubicin-loaded gels300nm to 800 nm using a spectrophotometer lamp with
and the stability of doxorubicin revealed that there was no a power 30 W cm?, for a combined period of time of

360h, in an enclosed light-box. The distance from the
Table 2 lamps to the samples was maintain_ed at 10 cm. The spectral
Statistical evaluation of reproducibility of the sol-gel method of doxoru- results expressed as the change in absorbance of doxoru-
bicin encapsulation carried out at independent time intervals, based on thebiCin measured ak =333.4nm as a function of time of
results of investigations of the dependence of the amount of doxorubicin UV-vis exposure of the gels with encapsulated doxorubicin

encapsulated in gel on the mass of doxorubicin-loaded gel Ao,33_4=f(t) are shown irFig. 3.
Time of repetition of Average value and confidence interval for the
synthesis of amount of doxorubicin encapsulated per unit 2.13. Determination of the signal dependence of a
doxorubicin-loaded mass of gel, calculated for=27 andP = 95%, .
gels (months) (10 x ), S.D. (ngx g-3): R.S.D. (%) UV-vis s_p_ectrophotometer on the mass of pellets of
doxorubicin-loaded gels

1 201+ 4.5;S.D.=9.64; R.S.D.=4.8

6 200+ 3.7; S.D.=7.80; R.S.D.=3.9 . ) ) .
12 199+ 2.3: S.D.=8.16. R.S.D.=4.1 To examine the spectral differences in the UV-vis range
18 201+ 2.5;S.D.=6.43;R.S.D.=3.2 depending on the mass of doxorubicin-loaded gel taken for
24 202+ 3.5;S.D.=8.48,R.S.D.=4.2 analysis, 10 groups of samples were used to record the

S.D.—standard deviation; R.S.D.—relative standard deviation. UV-vis spectrum in the 300 nm to 800 nm range. Each group
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for n=10) for three selected masses: X5 g, profile 1); (n¥ 0.3 g, profile
2); (m=0.1g, profile 3).

Mass of doxorubicin-loaded gel [g]

Fig. 4. Profile of linearity of readout of a UV-vis spectrophotometer ex-
) ] ] __ pressed as the dependence of absorbante 883.4 nm (a)A =352.0nm
contained 10 different mass of the synthesized doxorubicin- (b) andx =595.0 nm (c), on the mass of a sample of doxorubicin-loaded gel

loaded gels (from 0.01 g to 1 g (0.0001 g)). taken for analysisi, =f(x): x—mass of a sample of doxorubicin-loaded gel.
The UV-vis absorption spectra of doxorubicin in gel re-

veal six maxima: two strongh =333.4nm and 352.0nm, imum, 352.0nm and 595.0nm. The 3 calibration curves

and four weak: 388.0nm, 575.0 nm, 595.0 nm and 630.0 nm.for the 10 groups at these wavelengths are shown in

For the quantitative determination of doxorubicin in solid Fig. 4a ¢ =333.4nm),Fig. 4b (. =352.0 nm) andFig. 4c

samples, three wavelengths were selected: the wave-(.=595.0 nm). Statistical reports on the linearity of spec-

length A =333.4 nm corresponding to the absorbance max- trophotometer readout computed using a least-square method

Table 3

Linearity of spectrophotometer readoAgss 4=f(x): y=a+bx; x {mass (g)}:{0.0075; 0.01; 0.025; 0.04; 0.05; 0.1; 0.175; 0.25; 0.37p; 0.5

n m b a ) S r S n m b a S S r S

1 10 367 —0.003 0.071 0.016 0.99 0.019 6 10 .78  —0.004 0.029 0.0066 0.99 0.008
2 10 391 -0.015 0.126 0.028 0.99 0.035 7 10 72 0.004 0.098 0.022 0.99 0.027
3 10 379 -0.007 0.078 0.017 0.99 0.021 8 10 .74  —-0.015 0.192 0.043 0.99 0.053
4 10 377 0.003 0.053 0.012 0.99 0.015 9 10 .79  —0.007 0.093 0.021 0.99 0.026
5 10 379 -0.007 0.078 0.017 0.99 0.022 10 10 3.89 —0.015 0.126 0.028 0.99 0.035
n—number of seriesp—number of samples in a series.

Table 4

Linearity of spectrophotometer readoAgs2o =f(x): y=a+bx; x {mass (g)}:{0.01; 0.02; 0.05; 0.08; 0.09; 0.1; 0.2; 0.35; 0.55; 0.8

n m b a % S r S N m b a 3 S r S

1 10 221  -0.108 0.131 0.044 0.99 0.056 6 10 2.15 —0.100 0.138 0.047 0.99 0.059
2 10 221 -0.118 0.051 0.151 0.99 0.064 7 10 2.21 -0.105 0.133 0.045 0.99 0.057
3 10 216  —0.105 0.133 0.045 0.99 0.057 8 10 2.22 -0.112 0.134 0.045 0.99 0.057
4 10 224 -0.111 0.136 0.046 0.99 0.058 9 10 2.15 —-0.100 0.136 0.046 0.99 0.058
5 10 219 -0.105 0.133 0.045 0.99 0.057 10 10 2.22 -0.112 0.134 0.045 0.99 0.057
n—number of seriesp—number of samples in a series.

Table 5

Linearity of spectrophotometer readoAggs o=f(x): y=a+bx; x {mass (g)}:{0.01; 0.02; 0.05; 0.08; 0.1; 0.2; 0.35; 0.5; 0.75; 1

n m b a ? S r S N m b a ) S r S

1 10 146 -0.139 0.233 0.104 0.97 0.129 6 10 1.41 -0.134 0.224 0.099 0.97 0.124
2 10 145 -0.134 0.213 0.095 0.98 0.117 7 10 1.41 —0.135 0.226 0.101 0.97 0.125
3 10 138 -0.134 0.230 0.103 0.97 0.127 8 10 1.47 —-0.136 0.218 0.097 0.98 0.120
4 10 143  -0.137 0.232 0.103 0.97 0.128 9 10 1.39 —0.134 0.228 0.102 0.97 0.126
5 10 141  -0.137 0.236 0.105 0.97 0.131 10 10 1.41 -0.132 0.215 0.096 0.97 0.119

n—number of seriesp—number of samples in a series.
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for the functionA, =f (mass of gel sample) for the measure- statistically different from the experimentally determined av-
ment series at a given wavelength are listedldbles 3-5. erage amount of doxorubicin encapsulated per 1 g of the gel
matrix (trit > teaic; 95%). In addition, the calculated value of
the correlation coefficient (Fig. 2) was compared with the
3. Discussion critical valuerit. Since (&t >rcal), the hypothesis that the
two variables (the amount of doxorubicin per 1 g of the gel
High purity of analyte-free synthesized gel matrices is a and the mass of gel) are interdependent has to be rejected.
primary criterion which has to be met if these matrices are Consequently, due to the uniform distribution of doxorubicin
nextto be used as a source of the analyte for spectrophotometthroughout the gel matrix, a UV—-vis spectrophotometer can
ric analysis. Silica monoliths synthesized in our laboratory be quantitative calibrated over a wide measurement range by
and dried under low-temperature supercritical with @on- using various masses of the doxorubicin-loaded gels.
ditions have a good transparency above 320 nm, but they are  Statistical analysis of the method’s reproducibility based
only partially transparentin the range from 300 nmto 320 nm on the results shown ifable 2revealed that the values of rel-
(Fig. 1). Therefore, spectral analysis of gel matrices with en- ative standard deviation ofthe mean R.S.D.% for each ofthe 5
capsulated doxorubicin is possible only in the UV—-vis region series of measurements for doxorubicin-loaded gels prepared
above 320 nm. after: 1, 6, 12, 18, and 24 months varied from 3.2% to 4.8%
Consequently, the next stage in the investigation was the (at P =95%). The application of Hartley’s test demonstrated
determination of the characteristics of doxorubicin-loaded thatthere was no reason for rejection of the null hypothesis of
silica gels prepared by the sol-gel method by statistical eval- homogeneity of variance in all the series being investigated
uation of accuracy and repeatability of the sol—gel method of (Fmax(calc)< Fmax(crit) at the confidence level 95%hn prac-
analyte encapsulation as well as its reproducibility. On the tice, this means that the series of gels prepared at different
basis of statistical analysis of the results, the efficiency of time intervals do not differ with respect to precision.
encapsulation of doxorubicin in gels and the degree of ho- A comparison of each measurement series with respect
mogeneity of doxorubicin encapsulation during sol gelation to accuracy using Studentdest for one expected value re-
were estimated. vealed no grounds for rejection of the null hypothesis that the
The loading efficiency of doxorubicin encapsulation per average values obtained were the same as the expected value
1 g of gel prepared by the sol-gel method with an acid catalyst (tcaic <teit). Such a conclusion was reached for each series
was 100+ 1.2% (w/w). It can thus be concluded thatthe acid- of measurements. On the basis of statistical analysis, it can
catalyzed sol—-gel pre-doping method enables a complete enthus be concluded that the sol-gel method of doxorubicin en-
capsulation of doxorubicin in the gel without any measurable capsulation allows obtaining reliable calibration results over
losses, and the measurement uncertainty expressed as the redxtended periods of time.
ative standard deviation R.S.D.=11.2% (Table 1) is related = The next criterion of the application of silica gels as matri-
to typical random and systematic errors. The uncertainty of ces for the analyte in spectrophotometric analysis was exam-
the final result is a sum of many composites, including the er- ination of the effect of storage time of pure and doxorubicin-
ror in mass of doxorubicin (confidence interval 99% reported loaded gels and long-term irradiation with UV—vis radiation
by the CRM), random errors associated with the analytical on the characteristics of doxorubicin-loaded gels and the sta-
procedure used (preparation of standard solutions of doxoru-bility of doxorubicin and pure gel matrices. A 12-month stor-
bicin, dilution), purity of the reagents used, and the errors age of gels in a desiccator at room temperature was found to
in weighing samples on an analytical balance as well as thehave no effect on the characteristics of the gels. It can thus
instrumental errors (£0.0001 g, 95%) and limited resolution be concluded that the storage conditions of gels (desiccator,
of the device being calibrated A 0.005 AU). room temperature) are sufficient and require no further at-
The experimentally determined average amount of dox- tention, which is another advantage of the sol-gel method.
orubicin encapsulated per unit mass of the gel was No changes in light transparency of pure gels were observed
201+5.0ugg ! (Table 1). The value of relative standard after 360-h irradiation of pure gels with UV-vis light, which
deviation (11.2%) indicating repeatability of the results ob- demonstrates that UV-vis radiation does not destroy bonds
tained demonstrates indirectly a degree of homogeneity of of the gel polymer; hence, the same gel can be used many
encapsulation of the analyte in the gel matrix. The experimen- times as a blank (reference).
tal results indicated that the amount of doxorubicin encapsu-  In contrast, in case of doxorubicin-loaded gels, pho-
lated per unit mass of the gel (1 g) did not depend on the total todegradation of the analyte begins after 6—8 h of continuous
mass used. Statistical analysis of the relationship between therradiation with the UV—vis lamp (Fig. 3), which limits their
amount of doxorubicin encapsulated per 1 g of the gel and themultiple uses. However, our previous investigations on degra-
total mass of the gel used in the studies based on the Student’slation of free doxorubicin in solutiofi7] indicate that the
t-test revealed that the slope of the straight line describing analyte undergoes irreversible destabilization at room tem-
the above relationship (Fig. 2) was not statistically signifi- perature and in the presence of light already after 4 h. Fur-
cantly different from zero {}; > tcaic) for the actual probabil-  thermore, it was found that a gradual irreversible photodegra-
ities (95%). Also, the intercept (Fig. 2) was found to be not dation of doxorubicin in solution began to take place after as
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