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Abstract

Macromolecular gelatin-methotrexate conjugates have potential therapeutic advantages over the free drug. Conjugates with MTX:gelatin molz
ratios (MR) ranging from 1:1 to 27:1 were examined for cell growth inhibition, stability, degradation, and methotrexate (MTX) release. Conjugate
growth inhibition was less than that of free MTX whosed®alue of 1.3x 10-8 M was about 10-fold less. Cell uptake of fluorescein labeled
gelatin (145 kD) was observed by 24-30 h. Higher MR conjugates produced less growth inhibition, measurably greater stability at pH 7.4 based o
MTX release, and had less gelatin degradation in the conjugate by the lysosomal enzyme Cathepsin B (Cat B) compared to low MR conjugates. C
B conjugate degradation was greater at the in vitro lysosomal pH of 4.8 than the intra-tumor pH of 6.5. The presence of Cat B did not meaningfully
affect MTX release, but less MTX was released at pH 4.8 than pH 6.5. The maximum MTX release was a relatively low 7% after 72h at pH 6.5
for the low MR conjugate. Low molecular weight conjugate fragments were also produced and were also influenced by pH and MR. Reducec
growth inhibition by high MR conjugates may be due to a hindered enzymatic degradation in the lysosomes. A strong peptide conjugate bond &
lysosomal pH and a 24-30 h delayed gelatin uptake may contribute to reduced growth inhibition of the conjugate compared to free MTX. MTX
release under these in vitro conditions occurs by aqueous hydrolysis, not by Cat B cleavage of the conjugate bond.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and its low tumor accumulation produces adverse accumula-
tion in healthy tissue. These processes substantially contribute
Methotrexate (MTX) has a broad range of cytostatic activ-to its severe, and sometimes fatal, life threatening toxicities
ity, especially when given in high doses with folinic acid rescueof bone marrow depression, ulcerative colitis, hepatotoxicity,
(Bertino, 1993. MTX is an antifolate that competively binds and nephrotoxicity Chabner et al., 20Q1In addition to these
to dihydrofolate reductase (DHFR) which inhibits precursorsnon-selective toxicities, MTX has a high occurrence of drug
of DNA and RNA and inhibits cell replicationGhabner et resistance which also limits its effectiveness. It has been reported
al.,, 2002. It is an important drug in the treatment of acute that 30% of remission failures are due to MTX resistance in the
lymphoblastic leukemia (ALL), choriocarcinoma, related tro- treatment of ALL Pui, 1995.
phoblastic tumors and psoriasi3{abner et al., 20Q1However, Soluble conjugates of low molecular weight drugs and high
it has a short distribution half-life (1.5-3.5 ig{ans etal., 1986 molecular weight proteins, peptides, or polymers are being
and its tumor exposure time is considered short. Consequentliyvestigated in several laboratories because of their potential
its therapeutic efficacy is impaired by its short in vivo half-life, therapeutic advantages compared to the free drug. One of the
earliest reported potential advantages was overcoming drug
- resistance in transport deficient, resistant c&lgser and Shen,
* Corresponding author. Tel.: +1 215 596 8881, fax: +1 215 895 1100. 1980. More recent reports about overcoming drug resistance
E-mail address: coiner@usip.edu (C.M. Ofner IIl). include avoiding existing ATP-driven efflux pumps for the free
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Kenilworth, NJ 07033, USA. drug Minko et al., 1998 as well as blocking overexpression
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macy — Glendale, Midwestern University, Glendale, AZ 85308, USA. tial advantage is the passive accumulation of conjugates in
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solid tumors because of the enhanced permeability and reteimmunological response from an albumin conjugate required
tion (EPR) effect due to leaky tumor vasculature and poorlya low molar ratio Stehle et al., 1997 While a high molecular
developed lymphatic drainagdang et al., 2003; Maeda et al., weight of the conjugate is important for its passive accumulation
2000. This accumulation reduces systemic toxicity by reduc-in solid tumors, intra-tumor diffusion, however, is impeded by
ing damage to non-cancerous orgaMinko et al.,, 2000p this high molecular weight and by the high interstitial pressure
The accumulation may account for a several fold higher maxef solid tumors. Intra-tumor conjugate degradation into smaller
imum tolerated dose of a conjugate compared to the free druigagments may offer an approach to extend conjugate tumor
(Thompson et al., 1999In addition, the EPR effect is amplified penetration and enhance efficacy.
by the conjugate cytotoxicity, which increases the average drug The objectives of this study were (1) to evaluate drug molar
concentration in the tumor and enhances the conjugate efficacgtio effects of the conjugate on growth inhibition, conjugate
(Minko et al., 2000k. It has also been reported that the EPRdegradation, and MTX release, (2) to evaluate the potential for
effect is more effective for macromolecules greater than 40 kDaellular uptake of an anionic high molecular weight conjugate,
butnegligible for smaller molecules that are cleared more rapidland (3) to evaluate gelatin-MTX conjugate stability and conju-
from tumor interstitium Maeda et al., 2000; Jang et al., 2003 gate bond polarity under different in vitro biological conditions
Finally, ligands such as folic acidl¢ and Low, 2002and anti-  during drug delivery.
bodies Trail et al., 1993 have been used to actively target the
drug to enhance efficacy and reduce non-specific toxicities df. Materials and methods
the free drug.

MTX conjugates are under investigation to address problem&.1. Materials
associated with the free drug and to explore potential advan-
tages of the conjugate. These conjugates include alboumin-MTX Type B gelatin granules having a Bloom strength of
(Halbert et al., 1987; Hartung et al., 1998cheulen et al., 254¢, average molecular weight of 159 kDa, and an approx-
ASCO, Orlando, 2002, Abs. No. 1888), PEG—-MTRi¢bessel imate moisture content of 11% (w/w) determined by loss
et al., 2002, fibrinogen—MTX Boratynski et al., 2000 con-  on drying at 105C for 72h were supplied by Kind and
jugates from immunoglobulins—MTXKfalovec et al., 1989; Knox (Sioux City, IA, sample #T7468). Methotrexate (MTX,
Fitzpatrick and Garnett, 1995and a gelatin-MTX conjugate +amethopterin, 95% (w/w) pure, 12% (w/w) moisture), 1-ethyl-
(Bowman and Ofner, 2000; Kosasih et al., 2p08dvantages 3-(dimethylaminopropyl) carbodiimide HCI (EDC, ultrapure),
of a gelatin—-MTX conjugate include its biodegradability, a low poly-L-lysine HBr (125-250 kDa), Sephadex G-50, Dulbecco’s
antigenicity with the potential to overcome immune problemsphosphate buffered saline (DPBS, endotoxin tested, sterile fil-
reported for high drug load in albumin conjugat8sahle etal., tered), RPMI-1640 medium with-glutamine and NaHC®
1997, the lack of denaturing concerns in native protein carri-(endotoxin tested, sterile filtered), fetal bovine serum (FBS,
ers, a high tissue distribution after IV administration, and thehybridoma tested, sterile filtered), propidium iodide (PI), gen-
potential to breakdown into smaller conjugates within a tumortamicin (10 mg/ml in deionized water, endotoxin tested, sterile
to extend conjugate intra-tumor diffusion and enhance efficacyiltered), sodium azide (ultra pure), isotonic phosphate buffered

The physical and chemical properties of macromoleculasaline (PBS, 0.01 M, pH 7.4) and Cathepsin B (Cat B, Bovine
drug conjugates have a substantial influence on conjugate beh&pleen) were purchased from Sigma Chemical Co. (St. Louis,
ior under the various biological conditions itis exposed to duringMO). Falcon 25 cr polystyrene culture flasks (tissue culture
drug delivery. After intravenous administration, the conjugate ig¢reated, 0.2vm vented cap, canted neck) and Falcon 96-well
exposed to plasma-{pH 7.4 and enzymes), then tumor intersti- polystyrene plates (tissue culture treated, flat bottom, low evap-
tium (~pH 6.5 and enzymes), and after endocytotic uptake interation lids) were purchased from Fisher Scientific (Fair Lawn,
the cell, it is ultimately degraded for drug release under lysoNJ). Citraconic anhydride (98%, w/w) was purchased from
somal conditions+{pH 4.8 and enzymes). The conjugate bondAldrich Chemical Co. (Milwaukee, WI). BCA protein assay
between drug and macromolecule has been studied to indukés and Slide-A-Lyzer Dialysis cassettes (10,000 Da MWCO)
rapid release after lysosomal uptakeéutham and Kopecek, were purchased from Pierce Chemical Co. (Rockford, IL). Try-
1995; Minko et al., 2000b However, lysosomal cleavage of pan blue dye (0.4% in phosphate buffered saline) was pur-
protein—MTX conjugates produces protein—MTX fragments ashased from ICN Biomedicals, Inc. Gelatin-fluorescein (GF,
well as MTX (Fitzpatrick and Garnett, 1993n addition, there 7.6 mol dye/mol, 145 kD) and fluorescein were purchased from
is evidence that some MTX conjugates directly inhibit DHFR Molecular Probes (Eugene, OR). Water was purified by reverse
(Riebessel et al., 2002Consequently, conjugate bond polarity, osmosis. All other chemicals were at least ACS reagent grade.
in which different functional groups on the drug and carrier are
used to form the same type of conjugate bond, may be impo2.2. Celis and cell conditioned media
tant because different functional groups on the non-conjugated
“side” of the MTX molecule would be available for interaction ~ The HL-60 promyelocytic leukemia cell line was kindly
with DHFR. The effect of drug load on the conjugate is notdonated by Dr. Ruy Tchao (Department of Pharmaceutical
entirely clear. The molar ratio of drug to carrier was varied inSciences, Philadelphia College of Pharmacy, University of
early in vitro studies Matsumoto et al., 1986; Halbert et al., the Sciences in Philadelphia, Philadelphia, PA). Suspensions
1987, but in later in vivo studies it was reported that a low of HL-60 cells were grown in 25cfnpolystyrene culture
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flasks containing 7 ml of RPMI-1640 with 20% (v/v) FBS and Effect = (Emax X Conc.)/(ECs + Conc.)
50pg/ml gentamicin at 37C, 5% CQ, and 100% relative
humidity. The cells were subcultured weekly at a seeding den- Effect = % Growth Inhibition = 100 - % Growth Relative to Control Cells

sity of 1.0x 10° cell/ml, grown to a peak cell concentration of
2.0x 10° cell/ml, and determined to have a 25 h doubling time.
A cell conditioned medium was prepared by incubating HL-60
cells for 72 h in the above growth medium with FBS and ge|atin ECso = 1Cs0 = Conc. Causing 50% Growth Relative to Control Cells
at a concentration equivalent to gelatin in the G-MTX-L exper-
iment followed by separation from the cells by centrifuging.

Emax = Maximum Effect = Maximum Growth Inhibition

Conc. = MTX or MTX Equivalent Concentration

Fig. 1. Pharmacodynamic maximum effect model.

14:1 to 18:1 (G-MTX-M) were used in conjugate degradation

2.3. Conjugat fi i
onjugate preparation studies.

Conjugates were prepared using previously published o
methodology Bowman and Ofner, 2000Briefly, 100mg of ~ 2-0- HL-60 cell growth inhibition
gelatin or 50 mg of MTX were reacted with p0 of citraconic

anhydride for 1 h at pH 8.0-9.0 to temporarily modify either the _

gelatin or MTX amino groups, respectively. The modified gelatinP'ate at 1.0< 10_5 cell/ml and incubated at 3TC, 5% CQ,

was separated from excess citraconic anhydride on a Sephad@d 100% relative humidity. After 24h, MTX, M-GEL con-
G-50 column with 2 0.05 M NaHC&®luent. The modified MTX  jugate and G-MTX conjugate samples were added to the cells
reaction solution was mixed with 100 mg of palylysine HBr N 0wl of DPBS resulting in '\QATX or MTg( equivalent con-
for 1h at pH 9.0-10.0 to react any excess citraconic anhydridgéntrations ranging from £ 107 to 5x 10~ M. Control cells

and then eluted on a SEC column with 0.05 M NaHQ®sep- were exposed to 50 of DPBS and grown in drug-free media.
arate the modified MTX from the modified poiylysine. Experimental control samples included gelatin solutions and

G-MTX conjugates (MTX amino groups bound to gelatin geIatin/MTX physical m?xture solutions of concentratiqns cor-
carboxylic acid groups) were prepared by mixing the modi_respondmg to gach conjugate sample: Cell concentrations were
fied gelatin with 37.5mg of MTX followed by coupling with d€termined using a hemacytometer with trypan blue dye exclu-
75mg of EDC. These conjugates were designated as G-MTX-I§ion. Experiments were conducted _W|th three replicates. C_Iell
because of their high drug load. G-MTX conjugates having 6growth_was ca_llculated by subtracting the cell concentrgtlon
low drug load (G-MTX-L) were prepared by mixing the mod- |mmed|.ately prior to Qrug exposure from the cell concentrations
ified gelatin with 15mg of MTX followed by coupling with determined at each time point and expressed & growth rel-
12.5mg of EDC. M-GEL conjugates (MTX carboxylic acid ative to conFroI cells. Igy values (concentrat!on causing 50%
groups bound to gelatin amino groups) were prepared by mixinQrOWth relatlvg to control cells) were d_etermmed by non-linear
the modified MTX with 100 mg of gelatin followed by coupling "€9ression using the pharmacodynamic maximum effect model
with 112.5mg of EDC. Mixing and coupling were conducted (FI9- D-
for 2 and 24 h, respectively, at pH 7.0. All reaction solutions
were eluted on a SEC column with 0.05M NaHE® sepa-  2.6. Incubation of fluorescein labeled gelatin with HL-60
rate the conjugates from excess reagents. The conjugates werdls
then incubated for 5h at pH 4.0-5.0 to deacylate the modified
amino groups. The reaction solutions were eluted on a SEC HL-60 cell suspensions (2Qd) were seeded in a 96-well
column with water to separate the conjugates from the citraPlate at 6.25¢ 10° cell/ml and incubated at 3T, 5% CQ, and
conate. The purified conjugate fractions were pooled, frozenl00% relative humidity. After 24 h of cell growth, %0 of an

HL-60 cell suspensions (2Qd) were seeded in a 96-well

and lyophilized. aqueous GF solution (0.75 mg/ml fluorescent labeled gelatin)
was added to the cell suspension. Fluorescein (0.02 mg/ml) was
2.4. Conjugate composition analysis used as a control. Cells were transferred to a microcentrifuge

tube at 0.5, 4, 8, 12, 24, 30, 48, 72, and 96 h, and were incubated

Conjugates were characterized using previously publishe@ith P1(0.075ug/ml) for 15 min, then washed three times with
methodology Bowman and Ofner, 2000Briefly, the gelatin  DBPS. Slides of cells were examined for GF, PI, and fluorescein
content of each conjugate was determined using a BCA proteifptake using an Olympus fluorescence microscope. Images were
assay. The MTX content of each conjugate was determined speebtained with a digital camera and stored on computer. Cell
trophotometrically at 372 nm. Absorption values were deterviability was evaluated by PI staining.
mined using a Molecular Devices SpectraMax plus spectropho-
tometer. G-MTX-L had virtually the same drug load, or molar 2.7. MTX release in cellular conditioned growth medium
ratio, as M-GEL, which for these studies ranged from 1.1:1 to
2:1. Atypical G-MTX-L batch weighed 50.6 mg and contained Conjugates were dissolved in 0.5ml of cell conditioned
42 mg of gelatin, 0.14 mg of MTX, and had a moisture contentmedium at MTX concentrations equivalent to 0.04 and
of 8.5mg. The molar ratio for G-MTX-H ranged from 23:1 to 0.57 mg/ml for the low and high molar ratio, respectively. The
27:1. Conjugates with an intermediate molar ratio ranging fronsolutions were injected into the donor compartment of a 0.5 ml
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10,000 Da MWCO dialysis cassette. The cassettes were placeemoved, vortexed, and 3@dwas removed to which was added

in screw cap, wide-mouth jars containing 50 ml of isotonic phos20pl of 12.5M NaOH to bring the pH back to valuesl suit-
phate buffered saline (PBS), maintained af@7in a shaker able for BCA assay. The solution was then analyzed for gelatin
water bath at 100 rpm. Each conjugate had a corresponding MTEontent using the BCA assay. A set of gelatin standards with
solution and gelatin/MTX physical mixture as controls. Threeand without enzyme was prepared for each time point. Calibra-
milliliter samples for MTX analysis were removed at appropri- tion plots were prepared at each time point and treated in the

ate times and replaced with buffer. same manner as samples. Gelatin calibration plots were repro-
ducible quadratic equations; concentrations ranged from 0.24
2.8. MTX analysis to 4.8 mg/ml. Percent degradation was calculated by expressing

the amount of assayed gelatin in the sample supernatant as a per-

Samples were assayed by reverse phase HPLC on a Noweent of the initial gelatin. Gelatin remaining in the supernatant
Pak C18, 3.9 mnx 150 mm column with Nova-Pak Guard-Pak after TCA precipitation in the controls, which represented unde-
Inserts (4um, 60A, C18) at 303 nm with a 88:12 phosphate graded gelatin in the samples10%), was subtracted from the
buffer, pH 2.7, and acetonitrile mobile phadgugernberg et original gelatin.
al., 1989. Low and high MTX concentration calibration plots,
4.0x10°%1t01.0x 1074 and 8.0x 10 °t0 2.0x 10 3mg/ml,  2.11. MTX release from conjugates under in vitro
respectively, were linear. The MTX retention time ranged fromlysosomal and intra-tumor conditions
3.8 to 4.6 min. A small amount of MTX was detected at 2 and
4 h of release but was below the quantifiable limit of 0.5% MTX  Conjugates containing MTX amounts of 0.02mg in 0.5ml
release. At these early time points, this small amount represent 0.1 M potassium phosphate buffer with 0.025% sodium azide
residual free MTX. Conjugate fragments containing MTX, orat pH 4.8 and 6.5 were injected into dialysis cassettes. Each
MTX polymers Bowman and Ofner, 200@vere also detected dialysis cassette was placed in 50 ml of the appropriate medium.
which had retention times ranging from 3.0 to 10.1 min. ThePhysical mixture controls contained MTX, MTX/gelatin, and
assayed amounts of released free MTX were expressed asVil X/gelatin/enzyme for both in vitro experimental conditions.
percent of the determined MTX content of the conjugate. Frag€ontrols and samples were conducted in triplicate. Jars were
ment release was calculated by adding their chromatogram peakaintained at 37C with 100 rpm shaking, while samples were
areas to obtain the MTX amount in these conjugates, and wagmoved at appropriate times for MTX analysis and replaced
expressed as a percent of the MTX content of the conjugate. with buffer.

2.9. Conjugate degradation by Cathepsin B 2.12. Statistics

Agelatin controland G-MTX conjugates of three molarratios ~ Statistical analysis of 1§ values was conducted using one-
were dissolved at equivalent gelatin concentrations (7 mg/ml) imvay ANOVA and Newman—Keuls tests. Statistical analysis of
0.1 M potassium phosphate buffer and 0.025% sodium azid®ITX release in cell conditioned media was conducted using
at pH 4.8 (lysosomal environment) and 6.5 (interstitial tumorone-way ANOVA and:-tests. Statistical analysis of in vitro
environment). One-half milliliter of each solution was pipettedlysosomal and intra-tumor MTX release was conducted using
into six different microcentrifuge tubes for every time point to r-tests. Statistical significance was determined & @alue
be analyzed. After 30 min of pre-incubation at°®7, 100ul of  of 0.05.
the appropriate buffer (without enzyme) was added to three of
the samples, and 1Q0 of Cat B enzyme solution (1/2 unit) 3. Results
reconstituted with the same buffer was added to the other three
samples. At selected times the samples were removed from ti¥el. HL-60 cell growth inhibition
incubator and analyzed for degraded gelatin as described below.

This method was also used to measure gelatin degradation by The HL-60 cell growth within the samples containing gelatin
Cat B as a control assay during MTX release experiments talone remained at 100% relative to the growth of control cells

verify enzyme activity. throughout the 72 h study. Cell growth inhibition due to the
gelatin/MTX physical mixtures showed no statistical difference
2.10. Assay of degraded gelatin compared to MTX alone. At 24 h, the extent of growth inhi-

bition was insufficient to determine kg values Fig. 2A). At

Conjugate degradation by Cat B was measured using 48 and 72 h, both MTX and the conjugates showed sigmoidal
non-radioactive modification of a previously published assayoncentration—response curves with maximum growth inhibi-
for gelatin degradation by gelatinase Mrphy and Crabbe, tions of 80 and 95%, respectivel§ig. 2B and C). However,
1985. After the selected incubation times, @hof 90% (w/v)  the conjugate effects were shifted to a 10-25-fold higher con-
trichloroacetic acid (TCA) was added to each of the samples taentration level. The 16 values determined for MTX and the
precipitate the large undigested gelatin molecules leaving theonjugates after 48 and 72h are summarizedable 1 At
smaller digested molecular fragments in solution. The sample48 h, the IGy values showed no statistical difference. How-
were centrifuged at 7800 g for 15min. The supernatant was ever, at 72 h, statistical analysis indicated a lowefpl@alue
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Fig. 2. Growth inhibition curves for4) MTX and the @) M-GEL, (4) G-
MTX-L, and (@) G-MTX-H conjugates at (A) 24, (B) 48, and (C) 72h.
Superscript a: Percentage growth relative to control cells; after 24, 48, an
72h, control cell growth reached (160.4)x 10°, (4.4+0.8)x 10°, and
(8.6 1.3) x 10° cell/ml, respectively.

Table 1
Summary of the 16y values determined for MTX and the gelatin—-MTX
conjugate$

48h 72h
MTX (1.5+0.3)x 1078 (1.3+£0.2)x 10780
M-GEL (2.5£0.5)x 1077 (1.9+£0.4)x 1077
G-MTX-L¢ (2.84£0.6)x 1077 (1.4+£0.0)x 1077
G-MTX-Hd (5.5£3.2)x 1077 (3.4+£0.5)x 10°7¢

a Mean of three replicates S.D.; values are molar (M) concentrations.

b Statistical differenceK < 0.05) compared to all three gelatin—MTX conju-
gates.

¢ MTX to gelatin molar ratio of 1.2:1.

d MTX to gelatin molar ratio of 23:1.

€ Statistical differenceK < 0.05) compared to the M-GEL and G-MTX-L.

for MTX compared to the conjugates, a highegd@alue for
the G-MTX-H conjugates compared to the G-MTX-L and M-
GEL conjugates, and no difference between thg Malues for
the M-GEL and G-MTX-L conjugates.

3.2. Gelatin uptake into HL-60 cells

HL-60 cells were incubated up to 96 h with fluorescein
labeled gelatin, GF. The first GF association with the cells
appears at 24 liH{g. 3B). Punctate images of GF are also seen at
30 and 72 hirFig. 3C and D, respectively. A central shadow can
be seen in these images surrounded by the GF which appears to
be the nucleus and compartmentalized gelatin in the cytoplasm.
These results indicate cellular uptake of the anionically charged

elatin carrier. This gelatin uptake was observed to the end of the

6 h study. Estimates of the percentage of cells with GF uptake
were~35% of cells at 30 h te-85% of cells at 72 and 96 h. Cell
viability was high throughout the study as indicated by the few

-
-

Fig. 3. Intracellular accumulation of gelatin under 40@agnification by fluorescence microscopy. HL-60 cells were incubated’ & Bithe presence of fluorescein
for 4 h (A) or fluorescein labeled anionic 145 kDa gelatin for 24 (B), 30 (C), and 72 h (D).
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Fig. 4. In vitro stability of gelatin-MTX conjugates in cellular conditioned B) @2:1) (14:1) (23:1)

media for 2, 8, 24, and 48 h. M-GEL and G-MTX-L are opposite conjugate bond

polarity and have drug to conjugate molar ratios of 1.1:1 and 1.3:1, respectivelysig 5 Effect of MTX:gelatin molar ratio on the ability of Cathepsin B to degrade

G-MTX-H has molar ratio of 24:1. _Concentratlons represent MTX equivalent.iq conjugate at 37C in (A) in vitro lysosomal, pH 4.8, and (B) in vitro tumor,

Values are meait S.D. of three replicates. pH 6.5 environments. Values are meas.D. of three replicates. Degradation
represents degraded gelatin. See text for details.

cells with PI staining and the absence of PI staining in cells with

GF uptake. trend of decreasing degradation with increasing molar ratio. At
lysosomal pH, degradation after 90 min of enzyme activity was

3.3. Conjugate stability in cellular conditioned growth 854 6%, 67+ 3%, 40+ 3%, and 30t 4% for the gelatin con-

medium trol, and conjugates of molar ratio values of 2:1, 14:1, and 23:1,

respectively. The same trend was observed for 20 min of enzyme

Fig. 4 shows free MTX release from conjugates incubatedactivity at this pH. At intra-tumor pH, gelatin degradation after
in cell conditioned media. Controls of MTX with and without 8 h of enzyme activity was 94 10%, 67+ 0.6%, 22+ 0.6%,
gelatin ranged from 8% 9% to 100+ 6% of the original MTX  and 114+ 2% for the gelatin control, and conjugates of molar
and showed no evidence of gelatin interference or MTX degraratio values of 2:1, 14:1, and 23:1, respectively.
dation. MTX release increased over the 2—48 h exposures. By
48 h, MTX release was 64 0.4% for M-GEL, 5.H-0.4% for  3.4.2. MTX release
G-MTX-L, and 4.2+0.1% for G-MTX-H (0.04 mg/ml). The Fig. 6shows MTX release under in vitro lysosomal and intra-
virtually identical MTX release from M-GEL and G-MTX- tumor conditions. Less MTX was released at pH 4.8 than at
L conjugates indicates no difference due to conjugate bon@H 6.5 regardless of the effect of enzyme or molar ratio. MTX
polarity. All three G-MTX-H conjugate samples had no statis-release by 72 h at pH 4.8 ranged from £8.1% to 3.4+ 0.2%,
tically significant release differences at each time point whictwhile release at pH 6.5 ranged from 3D.1% to 7.140.3%.
indicates no effect from conjugate concentration, nor from theAn additional release experiment was conducted using a succi-
presence or absence of gelatin. However, all three conjugatemte buffer atthese two pH values to verify the stronger conjugate
with a high molar ratio released about 1/3 less MTX comparedond at pH 4.8 and to check for specific buffer effects. The
to conjugates with a low molar ratio. The effect of conju- same release trend was observed45013% release at pH 4.8
gate bond polarity was not examined further because no effeeind 7.9+ 0.3% release at pH 6.5. At pH 4.8 the enzyme had
was observed in the growth inhibition and conjugate stabilityno effect for the medium molar ratio conjugate. At pH 6.5, the

studies. medium and high molar ratio released the same MTX by 72 h
without enzyme+{3.1%) and with enzyme+4.6%). The lowest

3.4. Degradation and release under in vitro lysosomal and release occurred from the medium and high molar ratio conju-

intra-tumor conditions gates without enzyme. The highest release was from the low
molar ratio conjugates at both pH values.

3.4.1. Enzyme degradation of conjugate Conjugates also released low molecular weight gelatin frag-

Cat B degradation of the conjugate was measured by assay ofents containing MTX from the original macromolecular conju-
degraded gelatin. The effect of molar ratio on enzymatic degragate.Fig. 7compares fragment and free MTX release at pH 4.8.
dation of the conjugate was examinédgy. 5 shows conjugate The combined total of free and fragment release from low molar
degradation by Cat B for three different molar ratios at the lysoratio conjugates at this pH is greater with enzyme than with-
somal pH of 4.8 and at the intra-tumor pH of 6.5. There is a cleaout enzyme (6.4 0.2% and 3.5 0.2%). Of the total release
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Fig. 6. MT_X release in (A) in vitro lysosomal, pH 48 and (B) i_n vitro tumor, Fig. 8. Gelatin—-MTX fragment and free MTX release in an in vitro intra-tumor,
pH 6.5 environments of aqueous buffer vs. enzymatic degradation for low (2:1) H 6.5, environment at 37 in the absence (buffer) and presence (enzyme) of

medium (18:1) and high (27:1) MTX:g_eIatin molar ratios. Enzyme is CathepSinCathepsin B at 72 h for (A) low MTX:gelatin molar ratio conjugate (2:1) and
B. Values are meat: S.D. of three replicates. (B) medium MTX:gelatin molar ratio conjugate (18:1). Values are me&iD.
of three replicates. *Estimate of % fragments; value below quantitation limit.

with enzyme, 39% is free MTX; in the absence of enzyme,

97% is free MTX. MTX release at this pH with the enzyme js i ally all free MTX with and without enzyme: release is
from medium molar ratio conjugatesig. 78) was the same as 7 4 4 4 304 and 5.8 0.2%, respectively. The combined total

fragment relgase (1£0'1% and 1.& 0.6%). The combined of free and fragment release from medium molar ratio con-
total release is 3.4 0.6%.Fig. 8 compares fragment and free .

) X ugates is greater with than without enzyme %.0.2% and
MTX release at pH 6.5. Release from low molar ratio con]ugateéL3jE 0.2%). Of this totah-70% is free MTX with and without

enzyme.

7 4 @ % Fragments 4. Discussion
W % Free MTX

The effect of conjugate bond polarity was examined in these
studies by comparing results from the M-GEL and G-MTX-L
conjugates. The effect of drug load was examined by comparing
results from the G-MTX-L, G-MTX-M, and G-MTX-H conju-
gates. The G-MTX conjugate (G-MTX-L) with a molar ratio
that was comparable to the M-GEL conjugates was produced by
lowering the amounts of MTX and EDC used in the conjugation
reaction.

% Released

(A) BUFFER ENZYME

7 4 B % Fragments
6 u % Free 4.1. Cell growth inhibition

The inability to determine an MTX effect on the growth of
HL-60 cells after a 24 h exposur€if. 2A) was not a surprise
because the cell line had a 25 h doubling time under the study
conditions, and because the growth inhibitory effect of MTX is
dependent upon both the cell cycle and the depletion of cellular
tetrahydrofolate levelslackson, 1984; Borsi and Moe, 1987
FE-4 7{3 Ge'?ti”—'\’mt( fftasgg?:ftsgi lf)re:n’;"eTé ":f':r’;‘zenic;‘ ;Zigxggo(g’:osrzgaé} After a 48 and 72 h drug exposure, the effect of MTX upon HL-
pri 4.9, environment at >t | sence (ou prese 2y 60 cell growth was more pronounced with maximum growth
Cathepsin B at 72 h for (A) low MTX:gelatin molar ratio conjugate (2:1) and inhibitory effects of 80 and 95%, respectiveRig. 28 and C).

(B) medium MTX:gelatin molar ratio conjugate (18:1). Values are me&nD. . -oPELHVETYIS-
of three replicates. *Estimate of % fragments; value below quantitation limit. A maximum effect of 95% growth inhibition indicates that the

% Released

(B) BUFFER ENZYME



C.M. Ofner Il et al. / International Journal of Pharmaceutics 308 (2006) 90-99 97

cell concentration after 72 h was relatively equivalent to the celthe large, anionic gelatin can be used as a macromolecular carrier
concentration at the beginning of the test period and that MTXor cellular drug delivery.
had a growth inhibitory rather than a cytotoxic effect upon the
HL-60 cells. 4.3. Conjugate stability in cellular conditioned growth
The similarity between the MTX and conjugate medium
concentration—response curvebig, 2) suggests that the
conjugated MTX is acting upon the HL-60 cells by the same Cellular proteases, which might be secreted from exposure
mechanism as the free drug. However, this therapeutic effecd gelatin conjugates, would obscure comparisons of cellular
requires a 10—25-fold higher concentration of conjugated MTXeffects from conjugate and free drug. Conjugates were incubated
as compared to free MTX. This reduced in vitro conjugatein cell conditioned media in which cells were previously grown
effectiveness is not considered a disadvantage because of tiwith gelatin to induce possible enzyme production that could
expected conjugate effectiveness in MTX resistant cBlisér  degrade the conjugate. Conjugate stability, as measured by MTX
and Shen, 1980; Rosowsky et al., 1988d the expected EPR release, was evaluated in the absence of cells, but in an environ-
effect of tumor accumulation. ment that could contain cellular proteases. In the cellular con-
The IG5 for MTX was (1.3—-2.6)x 10~8 M (Table 1), which  ditioned growth medium at pH 7.4, 4.2% to 6.1% of MTX was
is comparable to the values reported for HL-60 cells using varireleased from the conjugate after 48 h. This conjugate stability is
ous assay methodBljalla etal., 1985; Chou et al., 1993; Rots et similar to a previously reported 93% stability value for a MTX-
al., 1999. The IGsq values for the gelatin—MTX physical mix- PEG conjugate in cell conditioned media for 3 dapgepessel
tures were not statistically different from thesl§value forMTX et al., 2002 and a 4.9% to 9.2% MTX release from these con-
and verified that the presence of gelatin in the cell media dogsigates in PBS buffer after 48 iB¢wman and Ofner, 2000
not alter the effects of MTX upon the growth of HL-60 cells. MTX release in the PBS buffer is slightly greater than observed
However, conjugating MTX to gelatin resulted in a 10—25-fold in the current cell conditioned medium study and suggests that
higher 1G5 value after 72 hTable 1. The 24—-30 h uptake delay release in the cell conditioned medium does not involve enzyme
of the conjugate suggests that a decreased uptake contributeskgavage of the gelatin—-MTX conjugate bond. These results also
least in part to the higher Kg values. indicate good stability of the conjugates for cell culture studies.
By the end of 72 h, conjugate bond polarity had no effectupon The presence of gelatin, different conjugate concentrations,
the resulting 1Gg values of the conjugates; however, decreasingand conjugate bond polarity did not produce different MTX
conjugate drug load resulted in a lowersiGralue (Table J). release, which indicates that these variables had no effect on
Possible explanations for the lack of effect due to conjugateonjugate stability under these conditions. However, increasing
bond polarity include: (a) MTX is completely cleaved from the molar ratio of MTX by about 20-fold reduced MTX release
each polarity conjugate within the cell, (b) any gelatin-MTX in three separate samples to about 1/3 less the release of MTX
fragments produced by lysosomal degradation do not contributitom low molar ratio conjugates-{g. 4).
to the conjugate effectiveness, or (c) fragments do have an
effect but conjugate bond polarity within the gelatin—MTX frag- 4.4. Degradation and release under in vitro lysosomal and
ments does not effect the MTX/DHFR interaction. The increaseéntra-tumor conditions
in conjugate effectiveness as drug load decreases has been
reported in poly-L-lysine-MTX conjugates and was attributed Conjugates were evaluated under in vitro intra-tumor and
to a lower net positive charge and a likely decreased uptaklysosomal conditions to simulate conjugate fate after localiza-
(Rosowsky et al., 1985 Alternatively, conjugating a greater tion in the tumor interstitium and subsequent cellular uptake.
amount of MTX to the gelatin may decrease the ability of lyso-The decreasing enzymatic degradation of the conjugate with
somal enzymes to degrade the conjugate and release MTX frolgher MTX drug loadsKig. 5) is clearly evident but the expla-
the gelatin thereby lowering DHFR inhibition and conjugatenation is not completely understood. One possible explanation

effectiveness. may be a non-specific and general steric hindrance of the Cat
B enzyme by the larger number of MTX molecules. Regard-
4.2. Gelatin uptake into HL-60 cells less of the mechanism, this trend offers a partial explanation

for the drug load effect observed in the growth inhibition study.

Charged macromolecules do not easily cross the lipid bilayeFhe higher drug load appears to inhibit lysosomal degradation
of cell membranes. A fluorescein labeled gelatin (145 kD) waf the conjugate which reduces the availability and interaction
evaluated for uptake into these HL-60 celsg. 3 shows an  of MTX with DHFR to inhibit growth. The reduced enzymatic
apparent GF uptake into vesicle compartments which may bdegradation on gelatin at pH 6.5 indicates that the activity of
due to endocytosis. The conjugate stability of about 96% by 24 khis lysosomal enzyme is reduced at the higher pH of the tumor
and the first uptake observations at 24—30 h suggest that undexterstitium.
graded, high molecular weight gelatin molecules participate in Free MTX release under these conditions is more compli-
this uptake. The first uptake observations indicate a substantiahted than enzymatic degradation because of the greater enzyme
lag time for uptake. After this lag, the process continued andctivity yet stronger conjugate bond at pH 4.8 than at pH 6.5.
involved more cells to eventually take place#85% of the  These results also show a drug load effect, but this effect is on
cells by end of the 96 h experiment. These results indicate thafITX release.
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Overall, free MTX release with enzyme is not largely differ- 4.5. Gelatin—-MTX conjugate bond stability
entthaninits absencEigs. 6—8. This indicates that the enzyme
has no specificity for the conjugate bond and that the conjugate MTX release results in buffer solutions (without enzyme)
bond is ultimately broken through aqueous hydrolysis. The lackndicate a more stable peptide conjugate bond at pH 4.8 than
of Cat B specificity for the conjugate bond is best seenin the lovat pH 6.5 Figs. 6-8. More free MTX is released at pH 6.5
molar ratio results at both pH conditionBigs. 7A and 8A.in irrespective of molar ratio because the bond is less stable at
which only slightly less and slightly more MTX release, respec-this pH even though enzyme activity on the gelatin backbone
tively, occurs with enzyme. While the medium molar ratio resultsis reduced. A similar peptide bond stability at lysosomal pH
support this findingKigs. 7B and 8B release is impeded by the compared to physiological pH was reported for peptide spacers
additional drug present. in polymeric prodrugs of 5-fluorouraciNjchifor et al., 1997.
While the enzyme does not act directly on the gelatin-MTX The molar ratio effect on aqueous hydrolytic release of MTX
conjugate bond, the effects of molar ratio on MTX release cambserved in the in vitro intra-tumor and in lysosomal condi-
be seen. At both pH conditions, substantially more free MTXtions (and ascribed to results in the cell conditioned medium in
is released from the low molar ratio conjugates than from thd-ig. 4) is noteworthy. A possible explanation for this reduced
medium and high molar ratio conjugates irrespective of enzymeelease may be a water of hydration sheath on the conju-
effects Figs. 6-8. This effect appears to reach a maximum with gate molecule that hinders free water access and hydrolysis of
the medium (18:1) molar ratio because release is no greater ftihe gelatin-MTX conjugate bond. More MTX on the gelatin
the high (27:1) molar ratio conjugatEig. 6). molecule increases the number of ionizable groups (but does
The hindrance effect from the drug load can also be seen fromot change the net charge) which increases this water of hydra-
the formation of fragments through enzymatic degradation. Ation and hinders hydrolytic release of MTX. The hydration
pH 4.8 the highly active Cat B degrades the gelatin backbonsheath has been described as water molecules surrounding the
into fragments small enough (<10kDa) to diffuse through thepolymer molecules in an orderly iceberg-like structuvia(tin,
dialysis cassette into the release medidfig( 7A, enzyme).  1993.
The medium molar ratio at this pH hinders the enzyme from
degrading the gelatin backbone and less fragments are produced
(Fig. 7B, enzyme). At pH 6.5, the enzyme is less active, but thes. Conclusions
conjugate bond is more labile. As Cat B degrades the gelatin
backbone (even slightly), it alleviates the hindrance of MTX  The growth inhibitory effects displayed by the gelatin—-MTX
and makes the labile bond more susceptible to aqueous hydralenjugates used in this study with HL-60 leukemia cells indicate
ysis. This may even lead to virtually complete MTX releasethe feasibility of using gelatin as a soluble macromolecular
from fragments of the low molar ratio conjugate. Since frag-carrier. However, these conjugates had less growth inhibition
ments must have MTX present to be detected, such fragmentempared to MTX alone. The correlation between reduced
would be undetectable. This might explain the absence of fraggrowth inhibition and reduced in vitro lysosomal degradation
ments from the low molar ratio conjugate at this gty 8A). In by the high drug load conjugate compared to the low drug
addition, or alternatively, these fragments may not be detecteldad conjugate suggests a hindered enzyme degradation as the
because they are below detection limits due to the small amoumumber of MTX molecules increases on the gelatin carrier
of MTX on the fragment. In either case, the absence of fragmolecule. This molar ratio effect occurs at both lysosomal and
ments at this pH with enzyme is very unlikely because enzymatitumor pH values. MTX release studies showed that Cat B is
degradation of gelatin clearly occurs at this pH and it occursiot specific for the conjugate bond and that aqueous hydrolysis
more on the low molar ratio than the high molar rafiay 5). ultimately governs MTX release. Formation of gelatin—MTX
When the molar ratio is increased at this pH, the conjugatéragments and subsequent MTX release from these fragments
bond in the fragments may be hindered from MTX releaseare also influenced by molar ratio and pH. The gelatin-MTX
which would allow the fragments to be detectdeg( 8B). conjugate peptide bond is stronger under these in vitro lysoso-
Fragments susceptible to aqueous hydrolysis at pH 4.8 do natal conditions than under in vitro intra-tumor conditions. This
release more MTX due to a stronger gelatin—MTX conjugatemay explain the small MTX release observed and probably
bond. contributes to the reduced growth inhibition of the conjugate
The relatively low amount of MTX release in the absence ofcompared to free MTX. Another factor contributing to the
enzyme and at pH 4.8-(g. 7) raises the question of a poten- reduced effect of the conjugate could be the 24-30h delayed
tial MTX contribution from residual MTX left from conjugate gelatin uptake into the cell. The small MTX release might be
preparation. A small amount of free MTX released at 2 andsuitable in vivo after passive localization in tumor tissue. The
4h (<0.5%) in the release studies does indicate the presendargest total MTX release from the combination of fragments
of a small amount of residual free MTX. However, this early and free MTX occurs under these in vitro intra-tumor condi-
release and the complete release of MTX in the gelatin/MTXions. Punctate images of fluorescently labeled gelatin after
control mixtures, as well as the assay sensitivity to det€®cb%  incubation with cells suggests that these conjugates could be
of MTX, indicate that non-specific binding of free or residual taken into the cells by endocytosis. The stability results indicate
MTX is unlikely to have more than a small contribution to MTX that these gelatin-MTX conjugates should have good stability
release. under different biological conditions during drug delivery.
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