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Carbohydrate-Based Micelle Clusters Which Enhance
Hydrophobic Drug Bioavailability by Up to 1 Order of
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Amphiphilic chitosan-based polymerdl{ < 20 kDa) self-assemble in agueous media at low micromolar
concentrations to give previously unknown micellar clusters of-43@ nm in size. Micellar clusters comprise
smaller 10-30 nm aggregates, and the nanopolarity/drug incorporation efficiency of their hydrophobic domains
can be tailored by varying the degree of lipidic derivatization and molecular weight of the carbohydrate. The
extent of drug incorporation by these novel micellar clusters is 1 order of magnitude higher than is seen with
triblock copolymers, with molar polymer/drug ratios of 1:48 to 1:67. On intravenous injection, the pharmacodynamic
activity of a carbohydrate propofol formulation is increased by 1 order of magnitude when compared to a commercial
emulsion formulation, and on topical ocular application of a carbohydrate prednisolone formulation, initial drug

aqueous humor levels are similar to those found with a 10-fold dose of prednisolone suspension.

Introduction

and block copolymePs? typically possess cmc values in the
mM concentration range and are inefficient in carrying hydro-

The presence of both polar and apolar segments in a moleculeyhobic drugs as molar amphiphile/drug ratios are typically in
allows the manipulation of immiscible liquids in a manner that excess of 10:1 and frequently extend to 10061° The
is applicable to a wide variety of processes: ranging from the sojubilization of drugs within micellar cores for a fixed mole
use of detergents for environmental clean up activities to the of solubilizing micelle is dependent on factors such as the log
processing of foods. In the pharmaceutical industry, the p of the solubilizaté! molecular volume of the solubilizaté,
formulation of drugs that are immiscible with water is often and relative size of the hydrophobic nanodomain formed by

fraught with failuré-2 despite the availability of amphiphilic
compounds with approved excipient statiMicellar phases are

the association colloi¢f13

often used to solubilize drugs in agueous media, and the stability Co

of the drug-solubilizing micellar core is a function of its critical
micellar concentration (cmc, eq-1)he concentration at which
micellar aggregates begin to form:

AGgﬂcellization: RTIn Xcmc (1)
Here AGY, qizaiion = the standard free energy of micellization,

R = the gas constant, = temperature, an¥.mc = the critical

micelle concentration in mole fraction units. A lower cmc leads

0

micellization @Nd thus favors micellization.

to a more negativAG

Pharmaceutically approved low molecular weight surfactants
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HereC, andC,, are the drug concentrations in the organic and
aqueous phases, respectively, after drug partitioning between
organic and aqueous phases. log P is a measure of the
hydrophobicity of a drug. A high log P/molar volume ratio
favors partitioning into micelles, and a large hydrophobic
volume within the micelle favors the encapsulation of drugs
within the micelle. Increasing the hydrophobic volume of a
particle may be achieved by increasing the aggregation number
of the individual monomers to yield larger particles, and this is
thus a possible means of increasing the level of drug that may
be solubilized within colloidal aggregates. However care must
be taken to avoid excessive aggregation which would present
as precipitation of the colloid-forming molecules and the drug.
The use of larger aggregates 00 nm), as opposed to the
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(12—36 nni*19, is the approach that has been taken here. This
has led to three surprising findings: (a) Carbohydrate am-
phiphiles aggregate into a hierarchically organized cluster
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Carbohydrate-Based Micelle Clusters

of individual aggregates. (b) These micellar clusters transform
to stable nanoparticles with molar polymer/hydrophobic drug
ratios as high as 1:67 (polymer, drug weight ratios as low as
0.8:1), 237—200 times the level seen with the Pluronic block
copolymers. (c) These micellar clusters improve the transfer of
drugs across biological barriers by 1 order of magnitude. Two
drugs with very different log P values were chosen to illustrate
the capability of this new system: propofol (log=P4.1) and
prednisolone (log P= 1.4).

Although work on the self-assembly and pharmaceutical
application of block copolymers has been repofed? no
bioavailability gains have been reported with the current class
of polymers: amphiphilic polymers bearing hydrophobic
grafts?3-25 While both block copolymer and grafted polymer
amphiphiles self-assemble into polymeric miceliésyesicles’’-2
and dense amorphous nanopartiée®,3°there are profound
differences in the self-assembly of these two types of polymers
into soluble micellar aggregates, with the grafted polymers able
to produce important bioavailability gains as described below.

Methods

Synthesis of Quaternary Ammonium Palmitoyl Glycol Chitosan.
Quaternary ammonium palmitoyl glycol chitosan (GCPQ) samples were
synthesized using a modification of the method previously repéfted,
as described below. All reagents were used as received and supplied
by Sigma Aldrich Co., U.K., unless otherwise stated. Organic solvents
were supplied by the Department of Pure and Applied Chemistry,
University of Strathclyde. Glycol chitosan (G®l, ~ 250 kDa) with
a degree of acetylation below the level of detection ustigNMR
(signal at 2 ppm) was degraded for 48 h by heating &5 a solution
of hydrochloric acid (4 My to give 10-15 kDa GC samples.
Alternatively 4 kDa GC samples were prepared by adapting a previously
published method of GC degradati#hGC (M, ~ 250 kDa, 1 g) was
dissolved in acetic acid (2.5% v/v, 50 mL). Dissolved oxygen was
removed by bubbling Ngas through the solution for 5 min. After
cooling of the sample to-084 °C, a freshly prepared solution of NaNO
(9.5 mg mL?, 2 mL) was added, and the reaction was allowed to
proceed for 15 h at 4C in the dark and without stirring. The product
was neutralized with concentrated aqueous ammonia. To the resulting
mixture was added NaBH20 mg) in divided portions, and the reaction
mixture was once again left stirring overnight at room temperature. At
the end of this period the product was carefully precipitated by adding
acetone (150 mL) at room temperature. The resulting precipitate was
separated by centrifugation (9Gp& 10 min), washed three times with
methanol (50 mL), redissolved in water, and dialyzed exhaustively as
described below, with the dialyzate freeze-dried. The yield of degraded
GC was 400 mg.

Degraded GC (300 mg) was dissolved in an aqueous sodium
bicarbonate solution (0.057 M), a solution of palmitic adw
hydroxysuccinimide (120 mL) added at the level given in Table 1, and
the mixture stirred for 72 h. Ethanol was removed by evaporation under
reduced pressure and the reaction mixture extracted with diethyl ether
(3 x 100 mL). The crude palmitoyl glycol chitosan (PGC) was
dissolved in aiN-methyl pyrrolidone solution of sodium iodide (0.011
M, 90 mL) by stirring overnight. To this solution was added an ethanolic
solution of sodium hydroxide (0.25 M, 18 mL) and methyl iodide at
the level indicated in Table 1. The mixture was stirred under nitrogen
gas at 36°C for 4 h and the product precipitated in diethyl ether (400
mL) and washed twice with diethyl ether (2 300 mL). Finally the
guaternized product was dissolved in water (100 mL) and dialyzed
exhaustively against an aqueous sodium chloride solution (0.1 M, 5L)
to give a protonated polymer (chitosai,p~ 7) or an aqueous solution
(5 L) containing sodium bicarbonate (0.01 M) and sodium chloride
(0.1 M), the latter giving a deprotonated polymer. Both dialysis media
described above were changed 3 times (over 4.5 h) and followed by

Table 1. Polymer Samples
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a A series of polymers, M, of GC starting material ~ 15kDa; B series of polymers, M, of GC starting material ~ 19 kDa; C series of polymers, M, of GC starting material ~ 10 kDa; D series of polymers, M, of

GC starting material ~ 4 kDa.
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Figure 1. Quaternary ammonium palmitoyl glycol chitosan.

dialysis against water (5 L) with 6 changes (over 24 h). The synthetic
yield for all polymers was-120 mg. Synthesized polymers are shown

in Table 1. Protonated and deprotonated versions of C1 (Table 1) were

prepared. All other polymers were dialyzed against water (5 L with 6

molecular weight of CHCO— amino sugar monomer, anill, =
molecular weight of tetradecyl moiety.

Polymer Aggregation and Drug Encapsulation.Methyl orange
serves as a solvatochromic probe by undergoing a hypsochromic shift

changes over 24 h) and passed through an ion exchange columny jis jong-wavelength band on movement from a polar to a nonpolar

equilibrated with chloride ions (IRA 93 Cl-¥)prior to freeze drying.
The molecular weight of degraded GC was determined by gel
permeation chromatographynultiangle laser light scatterifand the
level of both palmitoylation and methylation determined'elyNMR
by comparing the palmitoyl methyl protons (0.8 ppm, palmitoyl) and
the quaternary ammonium methyl protons (3.35 ppm, quaternary
ammonium glycol chitosan) respectively with the sugar methine protons
(3.1 and 3.5-5.5 ppm)?* The hydrophobicity index (HI) was calculated
using

HI 3)

1O

whereQ = molar fraction of quaternary ammonium groups/monomer
andL = molar fraction of palmitoyl groups/monomer. This index was

used as it best refers adequately to the synthetic controls achievabl€’

with these carbohydrate amphiphiles. Also an approximation of the
hydrophilic lipophilic balance (HLB})®*? was made using

HLB = M1Q + {M,[1— (Q+ L)]} + M,L (gj @)
ML+ MQ+{M[1- (Q+ L)} +M;L S
where M; = molecular weight of quaternary ammonium sugar

monomer,M, = molecular weight of amino sugar monoméf; =

domain?633such as that resulting from polymer aggregatfoalkaline
solutions of methyl orange were used to probe for polymer aggregation,
by measuring the degree of the hypsochromic shift with increase in
polymer aqueous concentratifhThe cmc was taken as the first
inflection point in the methyl orange wavelength of maximum absor-
bance-concentration curve. GCPQ NMR and GC GPC-MALLS data
were used to calculate the molecular weight of the polymers to obtain
molar cmc data. Photon correlation spectroscopy was used to record
aggregate size before and after filtration (048),2° and both freeze
fracture electron microscoffy and negative stained transmission
electron microscopy were used to record images of the aggregates.

Drug loading on the aggregates was achieved by probe sonitating
a mixture of the drug (prednisolone or propofol) and the polymer
(GCPQ or F127) in aqueous media. Drug levels contained in the
aggregates were measured after filtration of the aggregates M35
and analysis by high-performance liquid chromatography (HPLC).
Polymer/prednisolone samples were filtered, diluted with the mobile
phase (water/acetonitrile 640 mL:360 mL), and chromatographed (20
uL) over a reverse phase 3:6n C18 column symmetry (4.& 75
mm, Waters Instruments, U.K.) at a mobile phase flow rate of 1 mL
min~%. Chromatography was achieved using a Waters 515 isocratic
pump and a Waters 717 autosampler, and sample detection was achieved
using a Waters 486 variable wavelength ultraviolet wavelength detector
(4 = 243 nm). The internal standard was-fethyl prednisolone (S%DV
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Figure 2. (a) Effect of polymer hydrophobicity and molecular weight on polymer aggregation as probed by measuring the hypsochromic shift
in methyl orange solutions. On location within an apolar environment methyl orange undergoes a hypsochromic shift. Polymer cmc is determined
as the first inflection point (arrowed for Al). For polymer details, hydrophobicity index (HI), approximated hydrophobic lipophilic balance (HLB),
and cmc values, see Table 1. Molecular weight values refer to the molecular weight of the glycol chitosan starting material. (b) Freeze fracture
electron micrograph of E5 (5.0 mg mL~1) in water. (c) Negative stained transmission electron micrograph of C5 (5 mg mL™1) in water. (d)
Schematic representation of the self-assembled polymer micelle cluster.

Table 2. Drug Loading

My cmc mol drug encapsulated/ drug concn

drug log P amphiphile (kDa) HLB (uM) mol of polymer (gL
propofol 4.1 C1 11.7 18.0 48 3.6

D1 4.7 17.7 76.8 3.2 0.61

F127 12.6 14 5506 3 1.78
2-hydroxypropyl-$-cyclodextrin 1.3 0.7510 38.7
prednisolone 1.4 A7 19.9 17.8 4.0 67 1.2
F127 12.6 14 550 0.21 0.5

ng mL™Y), the limit of detection was 5 ng mi, and the linear peak nously via the tail vein with various propofol formulations, and both
area ratie-concentration curve over the range-1Z60 ng mL-* had a the time to loss of righting reflex and the sleep time were recorded.
correlation coefficient of 0.9991. Polymer/propofol samples were The loss of righting reflex was confirmed in animals immediately after
filtered (0.45um), diluted with the mobile phase (water/methanol 200 dosing by an animal failing to right itself when placed on its back, and
mL:800 mL), and chromatographed (2Q.) over an ODS2 5um animals which failed to sleep were recorded as having a sleep time of
column (4.6x 250 mm, Waters Instruments), at a mobile phase flow 0 min.
rate of 1 mL minm* and using the same instrumentation as used above  Topical Ocular Administration of Prednisolonelale New Zealand
but with the wavelength set at 229 nm. The limit of detection was White rabbits § = 4, Harlan, U.K.) were dosed with prednisolone
0.2549 mL™%, and the linear peak are@oncentration curve over the  formulations (35:L) into the lower cul de sac of each eye using an air
range +250ug mL™* had a correlation coefficient of 0.9997. displacement pipet. At 1, 2, dré h after dosing, animals were killed
Biological Evaluation. Intravenous Central Newous System De- and the aqueous humor was sampled with a syringe. The vitreous humor
livery of Propofol.Male 6-week-old MF1 mice were injected intrave-  was then collected, and all biological samples were immediately frgBQ/
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Figure 3. (a) Effect of palmitoylation levels on propofol encapsulation
(mean + sd): 0.02 molar proportion of palmitoyl groups = polymer
C4; 0.134 molar proportion of palmitoyl groups = polymer C1; 0.16
molar proportion of palmitoyl groups = polymer C2; initial drug
concentration = 10 mg mL~1; initial polymer concentration = 5 mg
mL~1; asterisk = statistically significant difference (p < 0.05, n = 4);
data represent mean + sd. (b) Effect of palmitoylation on the
encapsulation of propofol (mean =+ sd): initial polymer concentration
= 5 mg mL~%; initial drug concentration = 10 mg mL~1; @ = C1 +
propofol; € = C4 + propofol. For HI, approximate HLB, and cmc
values (where available), see Table 1. An asterisk = statistically
significantly different (p < 0.05). A 1 mol amount of C1 encapsulates
48 mol of propofol. Samples were stored at room temperature. (c)
Effect of polymer molecular weight on drug encapsulation. Drug
concentration was measured by HPLC after filtration (0.45 um): B =
Cl1GmgmLY);O0=C1(25mgmL!);®@=D1(5mgmL™%);0=
D1 (2.5 mg mL™1); A = propofol in water; asterisk = statistically
significant difference between polymers at a concentration of 5 mg
mL~1; A = statistically significant difference between polymers at a
concentration of 2.5 mg mL™1 (p < 0.05).
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NMR24(0.90 ppm= CHjz palmitoyl, 1.25 ppm= CH, palmitoyl,
1.60 ppm= CH, palmitoyl S to carbonyl, 22.5 ppm= CH,
palmitoyl a to carbonyl, 3.02 ppm= CH; monomethyl and
dimethyl amino, 3.12 ppm CIE2 unsubstituted glycol chitosan,
3.35 ppm= CHg trimethylamino, 3.5-5.5 ppm= CH glycol
chitosan). A total of 14 different amphiphiles were prepared
with various levels of palmitoylation and quaternization (Table
1). Coarse control on palmitoylation levels was achieved by
controlling the feed ratio of palmitic acid-hydroxysuccinimide
(PNS), while methyl quaternary ammonium levels largely
remained similar so long as gravimetric methyl iodide/GC levels
remained at 14.14 or below.

Self-Assembly Polymer aggregation was probed with methyl
orang@833(Figure 2a), and the more hydrophobic polymers (HI
= 1-2, HLB = 17-18) produced more stable aggregates, as
evidenced by their low cmc’s{0.2 g L™ (<10 uM), Figure
2a, Table 1]. The more hydrophobic polymers also produced
more apolar hydrophobic cores as evidenced by the extent of
the post micellization methyl orange hypsochromic shift.&
< 430 nm, Table 1). Polymer aggregates produced largely
isotropic liquids at the concentrations studiedl() mg mL™1).
Aggregates in these isotropic liquids were HBDO nm in
diameter (Table 1), a size inconsistent with the unimolecular
aggregation proposed by some authrélso both freeze
fracture and negative stained transmission electron microscopy
revealed a cluster of smaller 30 nm aggregates hierarchically
organized into larger aggregates (Figure 2b,c), structures
consistent with the model proposed in Figure 2d. This clustering
arrangement is an unusual aggregate for amphiphilic polymers.
Block copolymer micelles, for example, are conventional single
micelle entities with a diameter of 286 nm!45and micelles
prepared from cholesteryl pullulans are also believed to exist
as single micelles of 25 nm in diametér.

The molar cmc’s of the current polymers when compared to
cmc values recorded for other amphiphiles with even lower
HLBs reveal that the current aggregates are more stable than
other amphiphilic aggregates (Tables 1 and 2). The cmc’s of
the current polymers differ by-13 orders of magnitude from
those recorded for the Pluronic block copolymer F127 (HLB
= 14, cmc= 550uM 6) and polysorbate 20 (HLB-= 16.7, cmc
= 53 uM 4. This more favorable aggregation phenomenon is
consistent with the model proposed in Figure 2d as the ability
of the polymer to form multiple inter- and intra-polymer
hydrophobic and hydrogen bond associations would contribute
to the entropy gain associated with the aggregation event in
addition to the loss of water structure accompanying the
micellization event. Additionally, an increase in molecular

in liquid nitrogen. Samples of aqueous humor were thawed and analyzedweight favors aggregation (Figure 2a), once again an observation

by diluting 50 uL of aqueous humor with 15@L of mobile phase

consistent with the hypothesis that multiple inter- and intramo-

containing the internal standard. These diluted samples were analyzed€cular contacts stabilize the micelle clusters.

by HPLC as described above. Samples of vitreous humor (0.5 mL)

were also thawed and extracted with ethyl acétgigor to analysis.

Statistics. Statistical analysis was performed using the Students’
t-test; significant differences were indicated by &alue of less than
0.05.

Results and Discussion

Synthesis of Carbohydrate Amphiphiles.Glycol chitosan

Drug Loading. The formation of more apolar domains favors
hydrophobic drug encapsulation, and thus, the more hydrophobic
polymers encapsulate greater amounts of drug (Figure 3a,b).
Encapsulation levels are high: 5 mg miLC2 (Table 1)
encapsulates 4.43 0.12 mg ml! propofol. The micellar
clusters transformed to homogenously cloudy nanoparticle
formulations on incorporation of drugs with a high IBguch
as propofol. Propofol resulted in the production of dense and
larger particles from the micellar clusters which appeared as

(GC) samples of three molecular weights (Table 1), obtained dense 56-200 nm particles on electron micrographs (Figure
by acid degradation, were used to prepare the amphiphilic 4c). Prednisolone when added to polymer A7 (Table 1),
polymers. Syntheses of quaternary ammonium palmitoyl glycol however, resulted in isotropic (prednisolone concentratiorb

chitosan (GCPQ) samples (Figure 1) were confirmedidy

mg mL™1) or opalescent liquids (prednisolone concentrat&'ﬂgv
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Figure 4. (a) Pharmacodynamic activity (sleep time, mean + sd, n > 4) of propofol formulations after tail vein dosing to male MF1 mice. Mice
were dosed as described: (i) 0.2 mg animals dosed with 0.2 mg of propofol in a 100 xL volume administered as either propofol emulsion (10
mg mL~1, Fresenius, Germany) diluted to 2 mg mL~! with phosphate-buffered saline (PBS, pH = 7.4) or a filtered GCPQ formulation (C1, 5 mg
mL~1, and propofol, 1.9 mg mL~1, in PBS; pH = 7.4); (ii) 0.4 mg of animals dosed with 0.4 mg of propofol in a 100 x«L volume administered as
either Diprivan diluted in glycerol (0.24 M TEM of formulation shown in Figure 4b) to a concentration of 4 mg mL~1 or a filtered GCPQ formulation
of propofol (C3, 5 mg mL™1, propofol, 4.2 mg mL~1, and lecithin, 2 mg mL™1, in glycerol, 0.24 M, n = 2; TEM of formulation shown in Figure 4c);
(iii) 0.5 mg of animals dosed with 0.5 mg of propofol administered in a 50 L volume as either Diprivan (10 mg mL~1) or propofol emulsion
(Fresenius, 10 mg mL™1). A loss of righting reflex time was only observed in animals receiving a low dose of the commercial emulsion formulations
(0.37 £ 0.19 min in the 0.2 Fresenius animals). No sleep times were recorded in animals receiving the polymer alone. Asterisk = statistically
significantly different (p < 0.05).

Removing the work associated with overcoming electrostatic
repulsions, which dominate the early phase of the aggregation

a 1 step, thus increases drug encapsulation levels.
08 - * The increase in drug encapsulation with increase in polymer
. hydrophobicity has been observed with block copolynié?s.
2 e 0.6 However, the formation of nanoparticles from micelle forming
%%".- * block copolymers or other amphiphiles in the presence of
g2 5% hydrophobic drugs has, t knowled th ted
) ydrophobic drugs has, to our knowledge, not been reporte
g8 To2 and hence is a novel feature of the current amphiphiles. For
8 example propofol and F127 (1.78 mg miLpropofol and 40
0- ] ' ) ' . mg mL~1 F127) form micelles that are 2810 nm in diametet’
hours In addition to polymgr HLB/HI (Table 1, Figu_rg 2a), pplymer
Figure 5. (a) Prednisolone concentrations (mean + sd, n = 4) in molecular We|ght als_o impacts on micelle §'Fablllty. An increase
the aqueous humor of rabbits dosed with either Prednisolone Forte in molecular weight increases micelle stability (Figure 2a). This
(white bar, prednisolone acetate suspension, 10 mg mL™?%, 35 uL, can be seen by comparing polymers with the same HLB but
Allergan, Irvine, CA) or a GCPQ formulation of prednisolone (black differing molecular weight: polymers D1 and A2. This im-

bar; A7, 1 mg mL~%, 0.01 M NaHCOs, and prednisolone, 1 mg mL~2,
35 ul). Asterisk = statistically significant difference (p < 0.05, n =
4). (b) Negative stained transmission electron micrograph of pred-

provement in stability is reflected in the influence of molecular
weight on drug encapsulation (Figure 3c). The drug/polymer

nisolone formulation; P = drug swollen particles, M = micellar clusters. molar ratio increases 10'f0|d_ with a 2-.5'f0_|d increasg if‘
molecular weight (Table 2). This observation is once again in
<1.0 mg mLY) with particle sizes of 16100 nm—a mixture ~ agreement with the model proposed in Figure 2d, as multiple

of drug swollen particles and micellar clusters (inset Figure 5b). hydrophobic inter- and intramolecular contacts are only possible
The transformation of these carbohydrate amphiphile micellar With & lengthy polymer chain.
clusters to dense nanoparticles on drug incorporation is thus These carbohydrate drug nanoparticles offer a key advantage
illustrated with both C2 and A7 (Table 1). These exist as over the block copolymers in that molar drug encapsulation
micellar clusters up to a concentration of at least 10 mgL levels are at least 1 order of magnitude higher with the current
(the highest concentration studied). C2 at a concentration of 5systems (Table 2 and Figure 3). We propose that these higher
mg mL! transforms into larger nonclustered dense particles drug encapsulation levels are due to the nature of the ag-
(50—200 nm) in the presence of propofol (4.43 mg THLwhile gregate: namely, the formation of a micellar cluster in excess
A7 at a concentration of 1 mg mt transforms to a mixture of ~ of 100 nm in size as opposed to single micelles.
micellar clusters and dense larger particles in the presence of It is important to consider not only the efficiency of the
prednisolone (1 mg mtd). amphiphile in incorporating hydrophobic materials into aqueous
We have found that an increase in poly(ethylenimine) media but also the maximum level of drug incorporated into
amphiphile aggregation number is seen in the presence of theagueous mediaa clinically relevant parameter. The latter is
hydrophobic molecule cholester$l,and it is likely that the also high compared to the block copolymer systems (Table 2).
presence of a more hydrophobic drug shifts polymer aggregation The exceptional drug loading achieved with these carbohydrate
from a micellar cluster to a more dense nanoparticle. Propofol amphiphiles approaches 45% w/w, higher than that achieved
levels in the carbohydrate formulations are stable for at least with other polymeric particles loaded with hydrophobic
14 days (Figure 3b). Table 3 shows that if ionization of the drugs?3383°These particles are stabilized by the amphiphiles
amine groups is suppressed by dialyzing the polymer againstlocated on the surface of the particle which lower the interfacial
alkaline media, propofol encapsulation levels also increase. energy associated with the particle. CDV
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Table 3. Effect of Polymer Surface Charge on Propofol Encapsulation

drug concn (mg mL~1) encapsulated in C1

(5 mg mL~1) dialyzed against sodium chloride
solution (0.1 M) and water with init drug
concn = 10 mg mL~%, mean +sd (n = 4)

drug concn encapsulated in C1 (5 mg mL™1)
dialyzed against alkaline sodium chloride solution
(sodium chloride = 0.1 M, sodium bicarbonate = 0.01 M)

disperse phase with init drug concn = 10 mg mL~%, mean +sd (n = 4)

1.52 +0.47 3.45 £ 0.022
phosphate-buffered saline (pH = 7.4) 1.32 £0.07 2.16 £ 0.042
glucose (5% wi/v) 0.35 + 0.05 1.75 4+ 0.042

a Statistically significant difference between alkaline and neutral dispersions (p < 0.05).

Previous studies on hydrophobised carbohydrates have fo-propofol formulation, as exemplified with Diprivan (Figure 4b),
cused on their viscosity enhancing properties? their ability is larger than that seen with the carbohydrate formulation (Figure
to form gelg443and aqueous insoluble aggregate®.27.4447 4c). The formulations shown in Figure 5b,c were filtered;
With respect to water-soluble carbohydrate amphiphile ag- however, unfiltered carbohydrate formulations show no bio-
gregateg#2536 characterization of their ultrastructure and/ or availability efficiency gains when compared to the commercial
bioavailability enhancing effects have not been reported. Here emulsion formulations (data not shown). Since filtration of
we show that the aggregation behavior involves a hierarchical polymer aggregates results in a decrease in particle size (Table
organization of micelles into self-repellent colloidal clusters for 1), we hypothesise that the reduced particle size is responsible
the first time with direct micrograph evidence supported by in part for the drug delivery activity of these carbohydrate
dynamic light scattering evidence. nanoparticles.

Bioavailability Enhancement with Carbohydrate Drug Furthermore lipid free formulations of propofol have been
Carriers. Figures 4 and 5 present data on the transport of drugsreported to be accompanied by an increase in potéhcy,
across biological barriers with these new carbohydrate particles.presumably due to a lack of a lipid reservoir in the blood which
Drug bioavailability is enhanced quite significantly using these would favor partitioning into the brain. It is possible that the
carbohydrate formulations. Two model drugs were chosen: thelack of a lipid reservoir in the blood with the carbohydrate
ocular antiinflammatory drug prednisolone and the intravenous formulations is also responsible for the increased potency of
anaesthetic propofol. On topical application to the eye, aqueousthis formulation observed here.
humor levels with 0.035 mg of prednisolone formulated with In conclusion, carbohydrate amphiphiles have been synthe-
the carbohydrate amphiphiles are statistically indistinguishable sized and found to self-assemble into micellar clusters which
at early time points from drug levels obtained using 0.35 mg provide an enhanced carrying capacity for hydrophobic drug
of prednisolone in Prednisolone Forte. Dilution of Prednisolone molecules and facilitate the transport of drug molecules across
Forte was not carried out so as not to destabilize the formulation. biological barriers, thus enhancing their bioavailability. The
No drug was detected with any of the prednisolone formulations current technology offers a solution to pharmaceutical formula-

in the vitreous humor. These carbohydrate nanoparticles facili- tors of hydrophobic drugs and further testing is warranted.

tate drug absorption across the cornea to the aqueous humor

but fail to deliver drug to the back of the eye. However this is
unsurprising in view of the topical mode of delivery and
characteristics of the druf.

The sleep times obtained with the carbohydrate propofol
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formulations are up to 10 times those obtained when using eitherReferences and Notes
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