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ABSTRACT

The surface properties of hybrid materials (potntarriers for sustained release of active
agents) have been examined by inverse gas chroraptog (IGC). A nonsteroidal anti-
inflammatory agent — ibuprofen was used as a mtmtehctive compound. The following

parameters have been used to characterize thadhters between the constituents of the
hybrid material and the active agent: dispersiv@mponent of the surface free enepgy, Ka
and Kp parameters describing the acidity and basicitypeesvely, and Flory-Huggins
parameter x,, (the magnitude of interactions). Principal compdnamalysis (PCA) and the

procedure based on sum of ranking differences (SR&g applied for selection of hybrid
materials and parameters for characterization @dhmaterials. One loose cluster found by
PCA grouping of hybrid materials is refined by SRialysis: SRD grouping indicates three
groups having somewhat dissimilar properties.
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INTRODUCTION

Hybrid materials are formed by the combination ofymers and inorganic solids on the
molecular scale. The structure and propertiesdaiatoe obtained for hybrid materials depend
on the chemical nature of their chemical componértie character of these components and
interactions between the organic and inorganic Ipave been used to categorize these hybrid
materials into two classes. Class | contains nmedtewith week chemical bonding such as
hydrogen bonding, van der Waals contacts or elsttic forces. Class Il corresponds to
strong chemical interactions between components divalent or ionic-covalent bonts.
The most important advantage of hybrid materiatasnecting of dissimilar properties of
individual components leading to new properties actessible otherwise that make them
suitable for a wide range of medical applicatidimere is a definite need to use hybrid
materials as carriers in the pharmaceutical dosages and in the future implementation to
the pharmacy. They are widely used for bone tissogineering that fulfill the clinical
demands. The properties such as biocompatibility and biseegbility open new prospects
for these materials with special incidence to soethrelease of drugdsCreating hybrid
materials for use in sustained release formulatajrective agent is the primary direction of
research to develop new dosage forms. Selectiterion depends on the interaction between
their individual components and its physicochempraberties.

In the last few years the biomedical research has/s growing interest towards bioceramics.
Inorganic material can act as a matrix and it ie &b host organic molecules, such as drugs.
There aresome weak interaction between the host inorganicixnand the guest drug (the
organic componenf)® Among bioceramics, silica is popular due to theipability to host
different molecules. Fumed silica has small pastisize and large surface area. Three
chemical groups are present on the surface of fusiemh: isolated hydroxyl, hydrogen-

bonded hydroxyl and siloxane groups. Generally, sheface is hydrophilic, while the



siloxane groups are hydrophoBi&iodegradable polymers are frequently applied rgaric
materials due to the fact that products of theitainelic processes are completely removable
and non-toxi¢

Many experiments including physicochemical testusthbe carried out to implement a new
hybrid material as excipient to pharmaceutical ise&rse gas chromatography (IGC) will be
particularly useful in this case. This is a new leggpon for the investigation of
physicochemical properties of materials as drugieat This method can be helpful in
understanding the changes in hybrid materials hyows pharmaceutical procesSe$he
examined material is placed in the chromatograpbiomn. The test solutes are injected into
the flow of carrier gas and transported over thdase of the examined material. The
retention times of test solutes results from theractions between solute and stationary phase
(examined material). These retention data are durtlpplied to estimate the properties of
material of interest.

The retention times can be used for the deternwinatsurface activity by
determination ofy?, the dispersive component of the free surfaceggnehe acidity and
basicity of the surfaceK( andKp parameters) ang,, Flory-Huggins interaction parameters

expressing the strength of interactions betweermdnstituents of the hybrid materfat:' The
reversed-flow gas chromatography (RFGC) is a versid IGC and RFGC has been
successfully applied (i) for the measurement of dspersive component of surface free
energy, (ii) for the determination of Flory-Huggimgeraction parameters and (iii) for that of
solubility parameters in polymer-solvent systénrs.

The aim of this study was the characterization yrid materials by inverse gas
chromatography and application chemometrics tocselee group of materials, which could
be used as drug carrier.

Some computer programs Statistica (StatSoft, 1200%). STATISTICA (data analysis
software system), version 7.1. www.statsoft.cormnd CRRN-SRD allow assessing the

quality of results including the separation of gh@ameters most relevant to the studied



phenomenon. Experimental data were analyzed bgiplencomponent analysis (PCA) and a
procedure based on sum of ranking differences (SRIbese methods allow finding

similarities and dissimilarities among various hglsrmaterials.

EXPERIMENTAL

Materials

Preparation of ternary hybrid materials with inamggion of the active agent was achieved by
the sorption of ibuprofen on silica and evaporatdrthe solvent. Aerosil 200V and Aerosil
816 were purchased from Degussa (Darmstadt, Gepmamngrocellulose from Rettenmaier
(Weibenborn, Germany) were used as supporting baséybrid materials. The organic
constituent of hydrid material was obtained by gsome of the following polymers: poly
ethylene glycol (PEG 10000), poly(L-lactide) wergpglied by Fluka, Pluronic F127 (Sigma
Aldrich, Pozna, Poland). Ibuprofen was obtained from Polpharnmaz i, Poland). Hybrid
systems contain individual specimens in differembopprtions (w/w). The amount of
ibuprofen in hybrid material was equal to 200mgaiExned materials are presented in Table
1.

| GC experiments

IGC measurements were carried out with the useG& SMS Ltd. gas chromatograph
equipped with a thermal conductivity detector (TGIDd a flame-ionization detector (FID).
Carrier gas was dry helium with flow rate 15.0 mldnEach column was made from glass,
I.D. 4 mm, length 30 cm were used. The measurenveanis carried out at 3, injector and
detector temperature was equal to $60The column filling was prepared by covering glas
beads with the powder to obtain homogeneous lafydteoexamined material. The columns
were conditioned 2 h at the temperature and flae-tsed during IGC experiment. As test

solutes were used:



0 nonpolar compounds: hexane purity 99% (Chempurndvaskie Gory, Poland) £
heptane purity 99% (Sigma Aldrich, Poan#oland) G, octane purity 99% (Fluka,
Pozna, Poland) G, nonane purity 99% (Acros Organics, Gliwice, PdaGo;

0 polar compounds: chloroform analytical grade (PO&HA., Gliwice, Poland) CHGJ
ethanol purity 99% (POCH S.A., Gliwice, Poland) EtOL,4-dioxane purity 99%
(Fluka, Pozna, Poland) GHgO,, acetonitrile analytical grade (POCH S.A., Poland)
ACN and ethyl acetate HPLC grade (POCH S.A., Giewoland) CECOOGH:s.

Parameters describing surface properties of hybmaterials were calculated from the
retention data of test solutes injected into a mwlwith examined material played a role of

stationary phase.

The dispersive component of the free surface engtyywas determined by two methods:
Dorris-Gray and Schultz-Laviel®:*° In case of Schultz-Lavielle methgd parameter was
calculated based on equation:

RIT OnV, =2IN[@&G/ys §/° +C (1)

where:R — the gas constant, 8.314 [J/(mol- K))]:- the absolute temperature of measurement

[K]; Vi - net retention volume [fh N — the number of Avogadro, 6.023?3¢1/mol]; a —

cross sectional area of the adsorbaté];[npfs',D - the dispersive component of surface free

energy [mJ/Mi; yC - the dispersive component of the surface tensfothe test solute in

liquid state [mJ/rfi; C — constant.

The straight line relationship: left-hand side qf €)vs. ald/y| for n-alkanes series allows
calculatingye from the slope value.

According to the method of Dorris and Grgy) was calculated from the equation:

o _ [RIT On(V(Codtanady joy Softzn2) )]
) 4IN*(8cy,)*Von,

(2)



where: V/\“'=+4)is the net retention volume @,.1Hzn:4 and vV, >"=?is the net retention
volume of CiHani2; @, is the surface area of a methylene grouﬁ];[nyCHZ Is the surface
energy of polyethylene-type polymers with a finitelecular mass [nidh?].

Ka and Kp parameters express acidity and basicity of théaserlayer of the examined

material. They are related to the energy of spedaifieraction AG,) between the examined

surface and the test soldte’® The parameters were determined from equation:

4G
2= KK
AN AN (3)

whereKa is the parameter expressing acidic propertieold surface;Kp is the parameter
expressing basic properties of solid surfat®s, is the specific component of free energy of
adsorption of polar compoun®N is the donor number of the polar test soludy™ is the
acceptor number of the polar test solute.

The magnitude of interaction between the test edllif and examined materig) Mmight be

expressed by the value of Flory-Huggins interacp'c—xrameter,)(f;:19
. 27315R P° o 0 A
= In| ———2 |- L (B, -V )+InFL—|1-"L 4
/\/lJ {Plo m/go I:Ml] RT( 11 1 ) J V]O ( )

wherej - examined materiaM; is the molecular mass of the soluf#, is the saturated vapor
pressure of the solut®,; is the second virial coefficient of the solui§; andV, are the
molar volumes of the test solute and examined nadteespectively,p, and p; are the

densities of the test solute and examined matemémipectively,V,’ is specific retention

volume andR is the gas constant.

It is also possible to quantify the magnitude deraction between constituents of complex

material was expressed using Flory—Huggins parerrr)@'gezo'21



. 1
23 = E + E - 1O:n S
X DI%(X [, + X152 = Xim) 5)

wherey,,, denote the Flory—Huggins interaction parametetdst solute/hybrid material pair
while x;, X, are Flory-Huggins parameters for test solute/camepo (2 or 3) pairsg, and

@ denote volume fraction of component in examinedeneat

Principal Component Analysis, PCA

Supposing that there exists some latent structardghé input data matrix, its
dimensions were reduced using principal componeatyais as given elsewhefe® The
principal components are calculated such that sieyld be uncorrelated and should account
for the total variance of original variables. Thstfprincipal component should account for a
maximum of the total variance; the second princquahponent should be uncorrelated with
the first one and should account for a maximumhefresidual variance, and so on until the
total variance is accounted for. Usually, it isfignt to retain only a few components
accounting for a large percentage of the total avemé. PCA will show, which hybrid
materials and which test solutes are similar,caery comparable information and which one
is unique?*?°
PCA is particularly useful for pattern recognitioh IGC data and show similarities and

differences between them. PCA give information \wtabjects or variables are unigtie.

Sum of ranking differences (SRD)
Sum of ranking differences based on comparisormsbdlate differences in rank numbers. In
this method the absolute values of differences betweference and individual rankings are

calculated and summed for each variable. Such aalV&ybrid materials can be compared:



each of them receives an SRD values. The lessep@ocy of SRD values shows similarity of

the variables. The outliers can also be observidrevdistance shows dissimilarffy?’

RESULTSAND DISCUSSION

The hybrid materials were characterized by surfpaemeters. The values of dispersive

component of free surface energy , Ka andKp parameters of examined materials and their
single components are summarized in Table 1. Stdrdtviation foryg equals + 2 mJ/f

the same both fdf, andKp parameters are + 0.01, and for + 0.0009.

One grouping of hybrid materials can be observe#ligure 1. However, there are outliers
from the rest. As seen in all projections, singimmponents of hybrid material stand out e.g. A
- Aerosil 816, B - Aerosil 200V, PEG — polyethyleglgcol, IB — ibuprofen. Some materials
also exhibit slight differences from the other ohks: B1 — Aerosil 200V+IB (10:1) and two
hybrid system A3 — Aerosil 816+IB+PLU (1:1:1) an8l B Aerosil 200V+IB+PLA (10:1:10).
Analysis of scatterplots indicates a high degresimwilarity of surface parameters for hybrid
materials. One may suggest the replacement of anghwbrid material by another one
exhibiting similar activity. It might enable thelsetion of various materials having the same
or very similar.

Much higher expectations can be associated withyfHiuggins parametey.,.

The magnitude of Flory-Huggins parameter betweencttmponents of hybrid material will
probably depend on their chemical structure of p&sic component and amount of both,
organic and inorganic part in the system. Howetlex,analysis (evaluation) of relationship
between y,, value on the type of test solute used in IGC erpamt is a hard task. This is
well known problem in IGC literaturd:**2°

Values of Flory-Huggins interaction parameter fgbiid materials are collected in Table 2.



Plot of eigenvalues clearly demonstrates that tpreeipal components (PCs) satisfactorily
describe the variability of values of Flory-Huggiparameters (Figure 2). Three principal
components explained more than 93% of total vagand¢he data. Solely the first and second
principal components explained more than 80% dfl tedriance in data. Please do note, that
PCs values are different from that presented inuréidl. These earlier were calculated for
experimental data collected in Table 1, i.e. forfasze parameters determined by means of
IGC. PCs presented in Figures 2, 3 and 4 were elkrigr Flory-Huggins parameter from
Table 2.

Results presented in Figure 3 suggest the posgilidr elimination of some test solutes.
Values of Flory-Huggins parameter fors,GC;, Cg, Co show high similarities as well as
CHCl3;, C4HsO, and EtOH or ACN with CECOOGHs. Therefore, there is no need to use all
of these test solutes for the given characterimagica hybrid material. Thus, solvent grouping
can reduce the amount of test solutes and selectepresentative solvent from each group.
However, the clustering of materials is preserved.

Values of Flory-Huggins parameters might be usedst&lection of examined materials. It
would be interesting to group the examined materetcording to their magnitude of
interactions between constituents of hybrid mal®ria indicating their similarity or
dissimilarity. This task may be solved by using RE€A as presented in Figure 4. This
grouping of hybrid materials leads to the selectbonly one loose cluster. Hybrid materials
show similarity among each other. However, regasllef projections (Figures 4a-4c) some
materials exhibit somewhat different propertiesntiogher ones, e.g.: A3, B4, B7, B8, M3.
Maybe these distinguished individuals will be bettarriers for active agent release. Better

carrier means here such one, for which ibuprofégase remains on the effective level for a

longer time. Other hybrid materials are characegtiby close values of,, what indicates



similar interaction levels between the constitueitssuch a case the type and amount of

polymers do not significantly influence the propest here — the ability to drug release.

Sum of Ranking Differences

The average the value of Flory-Higgins parametemv (average) has been used as
benchmark for ranking. Three main groups can berves — hybrid materials: cluster 1: B3,
B4, B5, B6, B7; cluster 2: A2, A4, B8 and clustehN®, M3, A3 (Figure 5).

The hybrid material most similar to the averagealbhybrid materials is denoted by B4 and
the most dissimilar one is denoted by M2. B2 rathiéers individually. The SRD ranking
indicates that B4 should be chosen as a good catedit replace all the other hybrid
materials. If a most “dissimilar” hybrid material to be selected, than M2 is the best choice.
Selection of M2 does not necessarily mean that ég hybrid material has the highest
magnitude of interactions between constituents atenmls, but the results will be most
different from those of the other hybrid materialghese ones were used. It is easy to find a
replacement of hybrid material, as B5 and B6 almdat) equivalent; closeness on the SRD
scale also shows similarity: B7 can be replace&®byr B6. Obtaining as different results for

hybrid material as possible B4 can be replaced By M

CONCLUSION

IGC provides information on physicochemical prosrtof hybrid materials and interaction
between their constituents. The values of dispersbmponent of the free surface enepgy,
Ka andKp parameters indicate moderate activity of examimederials. Negative values of
Flory-Huggins parametey,, shows moderate magnitude of interaction betweempoments

of examined materials. PCA makes possible the fsignit reduction of the number of test

solutes required for the determination of Flory—Hing parameter. Factor loading plots show



that there is no need to use all of the interagh@arameters. Several of these parameters carry
out very similar information. Majority of investigad hybrid materials exhibit similar
physicochemical characteristics, what is indicdigdhe presence of a loose cluster in Figure
4. However, some individuals can also be foundhis group. SRD analysis refines the
grouping and indicates three sub-groups of hybratemmals having somewhat dissimilar

properties.
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Figurelegend:

Figure 1. Results of principal component analysis $urface parameters. Different two-
dimensional projections of PCs; explained variaazesn brackets.

Figure 2. Plot of eigenvalues against their seuahbers.

Figure 3. Results of principal component analysid=tory-Huggins parameters: A characteristic
projection of factor loadings (PG4&. PC3).

Figure 4. Results of principal component analysrsRlory-Huggins parameters: several two-
dimensional projections of factor scores (R&IPC2 and PCis. PC3 as well as PG&. PC3).
Figure 5. Grouping by sum of ranking differencesal&d SRD values (between 0 and 100) are
plotted on the x axis and left y axis. Relativegtrencies for Gaussian like theoretical

distribution are seen on the right y axis (XX1 — b#éd — median XX19 — 95%).



Table 1. Values of dispersive component of free surface@n&, andKp parameters of examined hybrid materials and giegle components.

Vs by D
Hybrid materials Proportions Notation Dorris-Gray Vs ?y Schultz- Ka Kp Ka/Kp
Lavielle metod
metod

Aerosil 816 - A 35.5 29.2 0.185 0.038 4.86
Aerosil 200V - B 75.6 59.6 0.160 0.075 2.20
I buprofen - IB 39.0 36.4 0.103 0.07 1.47
Poly ethylene glycol - PEG 41.4 37.7 0.073 0.494 0.15
Poly lactid acid - PLA 48.4 44.6 0.137 0.119 1.15
Pluronic F127 - PLU 53.5 46.2 0.130 0.243 0.53
Microcelulose - M 37.5 37.3 0.181 0.211 0.86
A+IB 11 Al 37.7 35.2 0.087 0.113 0.77
AR+IB+PEG 1:1:1 A2 47.1 43.0 0.104 0.110 0.94
AR+IB+PLA 1:1:1 A3 34.7 32.4 0.109 0.054 2.02
AR+IB+PLU 1:1:1 A4 40.4 375 0.143 0.229 0.62
M+IB 11 M1 41.1 38.9 0.183 0.220 0.83
M+IB+PLA 1:1:1 M2 35.7 34.9 0.142 0.126 1.13
M+IB+PLU 1:1:1 M3 47.2 45.0 0.116 0.249 0.46
B+IB 11 Bl 35.8 34.9 0.040 0.514 0.07
B+IB+PEG 10:1:10 B2 34.9 32.2 0.143 0.138 1.04
B+IB+PEG 10:1:5 B3 33.3 30.4 0.145 0.168 0.86
B+IB+PEG 10:1:2 B4 35.2 314 0.136 0.158 0.86
B+IB+PLU 10:1:10 BS 48.7 44.2 0.164 0.269 0.61
B+IB+PLU 10:1:5 B6 38.2 34.3 0.143 0.169 0.84
B+IB+PLU 10:1:2 B7 48.4 44.7 0.124 0.256 0.48
B+IB+PLA 10:1:10 B8 32.9 37.0 0.226 0.121 1.86




Table 2. Values of Flory-Huggins parameter of examinedrigytnaterials.

Materials Cs C, Cs Co CHCl; EtOH CH3COOC;,H5 ACN C4HgO;
B2 -3.215 -1.701 -0.537 0.537 2.429 -0.532 -3.708 -0.207 0.873
B3 -3.052 -0.311 -3.625 -4.035 -3.605 -5.552 -12.106 8.097 -0.286
B4 -9.205 -2.956 -9.963 -10.33 -6.03 -13.09 -24.293 -15.92 -0.886
B5 3.216 7.631 -2.081 -1.725 2.135 -2.005 -6.223 @.67 1.561
B6 -0.293 4.269 -5.188 -5.299 -1.968 -4.258 -11.408 -6.569 0.266
B7 -0.999 1.224 -3.242 -3.098 6.769 -2.094 -14.986 .041 9.375
B8 1.979 3.453 1.937 1.659 4.039 -0.846 3.765 -1.425 13.996
A2 -5.083 -4.882 -4.711 -3.827 -9.245 -10.21 -11.111 10.90 -8.409
A3 -13.87 -19.34 -6.041 -5.972 -3.204 0.008 -6.521 0.929 -3.122
A4 -4.993 -4.828 -4.846 -4.137 -4.663 -14.30 -7.402 739 -3.925
M2 1.359 4.19 0.854 0.272 0.103 3.201 1.05 5.561 0.588
M3 8.205 7.764 4.496 4.598 5.727 6.385 3.733 15.118 5933.
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Figure 4
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Figure 5
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