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The goal of this study was to design paclitaxel (PTX)-monoclonal antibody (mAb) prodrug conjugates
(PTXMAbs) with the ability to deliver therapeutically significant doses of the drug to the tumor while
avoiding the previously observed solubility limitations of conjugates with PTX:mAb molar ratios of
>3. New PTX conjugates were synthesized using the discrete poly(ethylene glycol) (dPEG) as linkers.
These compounds, PTX-L-Lys[(dPEG12)3-dPEG4]-dPEG6-NHS (9a and 9b, for L = GL or SX,
respectively), were then conjugated to the antiepidermal growth factor receptor mAb, C225 at
increasing PTX:C225 ratios, producing completely soluble conjugates. Unlike the earlier PTXMAbs,
buffered solutions of these conjugates remained homogeneous for extended periods of time. Fluores-
cence-activated cell sorting (FACS) analysis indicated preserved immunogenicity of the conjugates at all
four substitution ratios, while cytotoxicity studies in MDA-MB-468 breast cancer cells indicated
preservation of drug cytotoxicity. These conjugates may have potential in the development of high-
drug-load tumor-targeting taxanes.

Introduction

Research on targeted therapy of malignancies has attracted a
great deal of interest during the past several years based on its
well-justified rationale, the efficient and specific delivery of
cytotoxic agents to the tumor tissue. The immediate benefit of
this tumor-specific delivery is 2-fold: increasing the effective dose
of the antitumor agent and decreasing the extent of its related
side effects and toxicity. Receptor-based targeted treatment of
cancer through the application of tumor-recognizing molecules
(TRMs) has advanced considerablyduring thepast several years
with the development of monoclonal antibodies1-4 and, later,
small molecule peptides capable of binding to tumor cell surface
receptors.5,6 A number of drug-,7-10 toxin-,11,12 and radio-
isotope4,13,14 conjugates of TRMs have been developed with
some currently in clinical use. A rationally designed conjugate
capable of recognizing and localizingon its target, anddelivering
thecytotoxicpayload inanefficientand timely fashion,will bean
invaluable armament against cancer.

Since its discovery, paclitaxel (PTX,a taxol, 1, Figure 1)
has been the focus of much research toward the design and
synthesis of analogues with improved physical, chemical, and

pharmacological properties.15,16 The first clinical trial of PTX
for metastatic breast cancer was reported by Holmes et al. in
1991 and involved 25 patients treatedwith 250mg/m2over 24 h.
Three complete and 11 partial responses for an overall response
rate of 57%were observed;17 ever since, the drug has generated
impressive responses from patients with metastatic disease
such as the anthracycline-resistant breast cancer patients.18

Reichman et al. reported an overall response rate of 62% for
26 patients, with metastatic breast cancer and with prior
adjuvant therapy, including 3 complete responses.19 Seidman
et al. reported a 32.8% overall response in patients, 66% of
whom had failed two or more prior treatments for metastatic
disease.20 In a study byChang et al., a 62%overall responsewas
reported in patients treated with taxol.21

Despite these positive therapeutic features, taxanes suffer
from such drawbacks as dose-limiting toxicities at the clini-
cally administered quantities and lack of aqueous solubility.
The negligible solubility of PTX (0.25 μg/mL in water) has led
to the currently used formulations of this drug, which have
been reported to cause medium to severe hypersensitivity
reactions.22,23 A peripheral neuropathy is induced by PTX,
which becomes more severe by cumulative dosing, and an
arthralgia-myalgia syndrome results 2-5 days after admin-
istration of taxol.24 Other systemic toxicities include cardiac
arrhythmias, alopecia, mucositis, and fatigue.25

Accordingly, designanddevelopmentofwater-soluble tumor-
targeting taxane derivatives for excipient-free formulations, and
with no or ameliorated human toxicity, is of great interest.

To this end, our laboratory previously reported the
syntheses of bombesin receptor-directed PTX-peptide7,26

and epidermal growth factor receptor-directed PTXMAb
conjugates.27,28 All conjugates showed an enhancement in
the drug cytotoxicity, presumably due to receptor-specific
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delivery, with small but significant antitumor activity as
compared to the unconjugated drug.28 However, although
the peptide conjugates, inwhich the drug and peptidemoieties
were connected by a PEG linker, showed high aqueous
solubility, the solubility of the antibody conjugates were
limited to a PTX:mAb molar ratio of 3.27 Conjugates with
drug-to-mAb ratios (D:mAb) higher than 3 precipitated from
the solution and were lost. At the same time, antitumor
activity studies in animals showed that conjugates with higher
drug loads were required for a significant therapeutic activity.
This could be expected because, with a largemolecular weight
(>155000 Da), the antibody conjugate could deliver only a
small dose of the drug (MW 853.9 Da) at a D:mAb of 3.
Furthermore, the fractional tumor uptake ofMAbs would be
an added hurdle to the delivery of therapeutically significant
doses of mAb-conjugated drugs.

In anattempt toovercome these shortcomings,wehypothe-
sized that conjugation of a highly water-soluble PTX,
designed with the appropriate functionality for mAb attach-
ment, might yield high-drug-load (HDL) conjugates which
would retain the native aqueous solubility of the antibody
moiety. Furthermore, in contrast to the previously prepared
low-drug-load compounds,27 the HDL conjugates would be
expected to have enhanced antitumor efficacy as well. This
article reports the design and synthesis of new and highly
water-soluble PTX derivatives and their corresponding HDL
antibody conjugates with sustained solubility, immunoreac-
tivity, and cytotoxic activity.

Results

Two basic requirements for a successful tumor-targeted
drug delivery are the preservation of the targeting element
integrity and the delivery of a therapeutically significant dose

of the drug to the intended site. In our earlier work, we
reported the synthesis and evaluation of paclitaxel conjugates
to the chimeric anti-epidermal growth factor receptor (EGFR)
antibody C2253,29-32 for the targeted chemotherapy of
EGFR-positive tumors.27,28 In that work, PTX was linked
to the antibody by the short and lipophilic linkers, succinic
(SX) or glutaric (GL) acids. EGF is a transmembrane pro-
tein of the tyrosine kinase growth factor family, and its
receptor33,34 is overexpressed in a number of human mali-
gnancies including breast, colorectal, ovarian, lung, and head
and neck cancers.35-39

Despite the development of a successful and reproducible
conjugation chemistry, the results indicated a solubility bar-
rier which was consistently encountered beyond a PTX:mAb
of 3. To circumvent this problem, the present approach
employed a branched and highly water-soluble derivative of
PTX containing an amine-directed conjugation site for mAb
attachment.

Synthesis. The syntheses of the soluble preconjugation
PTX (compounds 9a and 9b) are shown in Scheme 1. As
the central branching point, NR-Boc-protected lysine was
used to provide three orthogonal coupling functionalities.
The free ε-amine group of Boc-Lys was attached to the
branched dPEG by an amide bond through the NHS-acti-
vated polymer 2. This reaction did not require any
C-terminal protection of the amino acid, which simplified
the overall process. To further increase thewater solubility of
the conjugate, the free carboxylic acid of the intermediate
compound 5 was then ligated to the dPEG hexamer 3,
leading to compound 6. The MALDI mass spectra of
compounds 5 and 6 showed MWs with 100 mass units less
than calculated, indicating the cleavage of the Boc group
(MW101Da), and regeneration of the corresponding amine,
during the course of the spectroscopy. This was presumably
due to the limited stability of this protecting group under
high-energy conditions such as heating and laser irradiation.

Acid deprotection of 6, followed by the coupling of
compound 7 to PTXGLNHS or PTXSXNHS yielded pro-
ducts 8a or 8b, respectively. Activation of the carboxyl
functions of 8a and 8b afforded the conjugation-ready
activated esters 9a and 9b, respectively. The overall yields
of these syntheses were 27% for 9a and 30% for 9b. The
calculated and measured molecular weights of compounds
5-9, as well as the corresponding deviations, are shown inFigure 1. Structure of paclitaxel.

Scheme 1. Synthesis of Water-Soluble PTX-dPEG Conjugatesa

a (i) DCM/MT, RT; (ii) NHS, DCC, DCM, 3; (iii) TIPS/TFA; (iv) PTX-L-NHS, DIEA, DCM; (v) NHS, DCC, DCM.
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Table 1. Attempts to produce well-resolved and informative
NMR spectra for these compounds were not successful due
to high signal interference, large peak size differences, and
crowded patterns of the corresponding spectra (see sample
1H NMR of PTX, and dPEGs 2 and 3 in the Supporting
Information). However, mass spectrometry and analytical
HPLC clearly established the compounds identities and
degrees of purity.

Although the large size of the dPEG linkers used in this
study necessitated the use of MALDI TOF MS, we found
that some molecular fragmentation of the dPEGs could
occur under the experimental conditions of this analytical
modality. This fragmentation resulted in the formation of
multipeak spectral patterns of the intermediate and final
products of Scheme 2 and was true even of the commercially
supplied branched dPEG. This compound (2 of Figure 2,
MW 2420) did not show the exact MW when analyzed by
MALDI.When analyzed by positive-mode electrospray (ES)
MS, however, the doubly chargedMWwas readily observed
(see Supporting Information). This fragmentation, and not
presence of impurities, explains the multipeak patterns in
MALDI spectra, although the observed MWs were in
complete agreement with the calculated ones (Table 1). It

should be emphasized that the ES MS could not be used for
MWs larger than 1800 Da due to the inherent limitations of
the instrument.

Antibody Conjugation. Targeting the lysine ε-amine
groups of the antibody (10, Scheme 2), the activated esters
9a and 9b were readily conjugated to C225 at observed
(MALDI) molar ratios which corresponded to the stoichio-
metrically calculated ratios (PTX:C225)c. The product con-
jugates were purified by dialysis, and the batch purity was
evaluated by analytical SE-HPLC,which indicated very high
purities. This high degree of purity was due to the exhaustive
dialysis in a large (50000 Da) MW cutoff membrane, which
was expected to exclude any and all small-molecule starting
material and reagents and retain only the large protein
molecules. The purified products were then analyzed by
MALDI-TOF mass spectrometry, which clearly showed
the formation of the target conjugates in real time. Using
the MALDIMWs of the whole conjugate, the unconjugated
C225, and the substituting drug-linker conjugate, the PTX:
C225 molar ratios were calculated through eq 1.

PTX : C225 ¼ MWmconj -MWC225

ðMWdconj -115Þ (1Þ

where MWmconj, MWC225, andMWdconj are the MWs of the
final mAb conjugate, C225, and drug conjugates
(compounds 9a or 9b), respectively, and 115 is the MW of
the departing NHS after mAb coupling.

The results of conjugation reactions are shown in Figure 3
and Table 2. As shown in this table, the measured PTX:C225
ratios, (PTX:C225)m, increased from 2 to 12 (11a-11d), and
from 2 to 10 (11e-11h) when the (PTX:C225)c was raised
from 5 to 50. The increase in the number of substituted drugs
is also reflected in the SEC-HPLC retention times (tR) as
indicated by an inverse correlation, shown in Figure 3 for the
representative conjugates 11a-11d. A tR shortening of about
0.35 min was noticed for the conjugates with the highest
PTX:C225 (compounds 11d and 11h, Scheme 2) as compared
to the unconjugated antibody and due to a MW increase of
about 37000-47000 Da. At the same time, conjugation
efficiency (%CE, Table 2) was decreased, presumably due
to the decrease in the availability of the lysine ε-amine
binding sites of the antibody.

Furthermore, it should be noted that MALDIMS always
yields broadened signals for MAbs. The reason is the
existence of a combination of antibodies with different
MWs but with the same antigen-binding activity. In fact,

Table 1. Calculated and Measured Molecular Weights (MWs) of the
dPEG Linkers and PTX-dPEG Conjugates

compd MWc
a MWe

b %ΔMWc

5 2552 2551 0.04

6 2887 2886 0.03

7 2787 2788 0.04

8a 3737 3740 0.08

8b 3723 3759 0.97

9a 3834 3830 0.1

9b 3820 3857 0.97
aCalculated molecular weight (MW). bExperimental MW by MAL-

DI-TOF MS. cAbsolute value calculated from MWc - MWe/MWc �
100.

Figure 2. Structures of the single-MW dPEG branched (2) and linear (3) linkers used in the synthesis of the soluble PTX, 9.

Scheme 2a

a (i) 50 mM PBS, pH 8.1.
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Figure 3. Size-exclusion chromatograms (SE-HPLC) andMALDI-TOFmass spectra of C225 (A) and conjugates 11a-11d (B-E) illustrating
the degrees of purity andMWs for these compounds, respectively. SEC retention times decrease while the MALDI peaks broaden as the MW
increases. The smaller left peaks in the mass spectra are the doubly charged half-MW peaks. All MALDI analyses were made with external
calibration against bovine serum albumin at 66430.

Table 2. Physicochemical Properties of the 9a/9b-C225 Conjugation Reactions and Their Corresponding Conjugate Productsa

conjugate MWe
b (PTX:C225)c

c (PTX:C225)m
d % yieldp

e % CEf tR (min)g

225 151800 0 0 NAh NA 8.1

11a (11e) 158298 (158050) 5 2 (2) 77 (72) 40 (60) 8.08 (8.02)

11b (11f) 162625 (169414) 10 3 (5) 90 (86) 30 (50) 8.00 (8.00)

11c (11g) 171763 (173674) 20 5 (6) 88 (86) 25 (35) 7.91 (7.94)

11d (11h) 198575 (188800) 50 12 (10) 96 (92) 24 (20) 7.75 (7.77)
aValues for the 9b-C225 conjugates are shown in parentheses. bMeasured by MALDI-TOF MS. cCalculated stoichiometric ratios. dMeasured

ratios from MALDI-TOFMWs and eq 1. e%Yield of protein recovery. fConjugation efficiency, calculated from (PTX:C225)m/(PTX:C225)c � 100.
g SEC-HPLC retention times at 280 nm. hNA: not applicable.
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the term “monoclonal” refers to this latter property of MAbs
and not to a MW homogeneity. This variation in molecular
size, in turn, results in a variation in the response of indivi-
dual molecules to conjugation reactions, thus leading to
further peak broadening in the spectra of the product con-
jugates. This broadening usually increases with the conjuga-
tion number as is evident here in the spectra shown in
Figure 3.

Whereas the conjugates with PTX:C225 of >3 invariably
precipitated and were lost in the previously reported con-
jugations,27 no precipitation and loss of antibody was
observed in this work; the yields of protein recovery ranged
from 77% to 96%, and interestingly, with the latter yield
belonging to the conjugates with the highest PTX:C225.

Aqueous Solubility. During the course of this work, a
number of potential water-soluble linkers were tested
(Safavy, unpublished results). Among these, were the den-
drimer polyamine PAMAM and linear amino PEG-car-
boxylic acids with different molecular sizes and all suitably
heterofunctionalized for mAb conjugation. Although the
search for the right linkerwas not exhaustive, it was observed
that even with these inherently hydrophilic linkers, the PTX
loading of >3-5 would result in the precipitation of the
resulting conjugates. In general, when the linker was placed
in a “middle” position, that is, flanked by PTX on one side

and another relatively large molecule such as PAMAM or a
mAb on the other, the overall solubility was lost beyond the
3-PTX substitution number. The other alternative, the use of
a solubilizing linker as a pendant group with only one end
attached to the rest of the molecule and possessing a
branched structure was, therefore, considered. An expected
advantage of a branched design was to provide a larger
“hydrophilic sphere” in contrast to a long straight-chain
solubilizer of the same molecular weight. These considera-
tions led to the use of the branched and single-MW (discrete)
PEG (dPEG) 2, shown in Figure 2. The rationale for using a
dPEG, as opposed to the conventional polydispersed PEGs,
was the possibility of exact stoichiometric calculations. A
single-MW preconjugation PTX would make possible the
execution of controlled conjugation reactions with known
D:mAbmolar ratios. As it turned out, this design of the PTX
derivatives 9a and 9b did indeed produce completely water-
soluble, high-drug-load antibody conjugates. Refrigerated
buffered solutions of the conjugates (Scheme 2, compounds
11a-11h) remained indefinitely clear and homogeneous.

Cell Binding Activity. An important consideration in the
practice of mAb conjugation is the preservation of the
immunoreactivity (IR) of the antibody as a direct factor in
target recognition. An impaired IR would lead to reduced
tumor-delivered doses of the drug, and therefore, to reduced

Figure 4. FACS analyses of the unconjugated C225 (B) and PTX conjugates 11a-11d (C-F, respectively) against MDA-MB-468 human
breast carcinoma cells. All conjugates showed a significant shift in the light intensity compared to a no-mAb run (A), indicating the preserved
immunoreactivity of the antibody.
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therapeutic efficacies. As the preservation of the IR is
expected to be inversely proportional to the conjugation
degree, the cell binding activity of these high-load conjugates
were of primary interest. FACS analysis was performed on
each conjugate to compare their binding ability to MDA-
MB-468 human breast carcinoma cells as compared to the
unconjugated antibody C225. This experiment was carried
out with the conjugates of the glutarate derivative 9a as the
main candidate for in vivo studies (see Cytotoxicity section,
below). As shown in Figure 4, in all compounds, conjugation
of compound 9a at different D:mAb ratios, had no detect-
able effect on the IR of the antibody. All conjugates did bind
to the cell surface EGFRs to the same extent as did the parent
antibody. Any reduction in the antigen binding ability of the
conjugate would have led to a shift in the location of the
corresponding fluorescence peak with respect to that of the
unconjugated C225 peak (Figure 4B).

Cytotoxicity. Glutaric acid (GL) and succinic acid (SX)
are the most frequently used linkers for the attachment of
PTX to antibodies, peptides, and polymers. We have shown
previously that under physiologic conditions, theGL linkage
was about 17 times more stable against hydrolysis, and thus
PTX release, than was the SX linkage.28 In addition to the
direct kinetics experiments, this difference in stability was
shown by the negligible in vitro cell killing activity of the
PTXGLC225when the drug exposure time was 24 h (Safavy,
unpublished results). On the other hand, the in vivo activity
observed for PTXGLC225 was absent in the case of
PTXSXC225, presumably due to a rapid release and excre-
tion of the drug which occurred prior to its peak tumor
uptake.28Accordingly, we proposed the use ofGL linkers for
PTX conjugates intended for systemic (in vivo) applications
while SX was suggested for in vitro studies.

The linker effect was confirmed also in the present study
when only negligible cytotoxicity was observed for the GL-
linked conjugates 11a-11d (data not shown), although the
FACS studies had demonstrated the preservation of the
immunoreactivity of the C225moiety. To extend the validity
of the previous findings on linker-cytotoxicity relationships
to the conjugates of the present study,we also synthesized the
SX-linked versions of PTXdPEGC225 conjugates solely for
cytotoxicity evaluation. The synthesis was carried out
through the same method as for the GL conjugates and as
shown in Schemes 1 and 2, leading to the preparation of
conjugates 11e-11h. As expected, all SX conjugates showed
cytotoxic activity against MDA-MB-468 human breast car-

cinoma cell line in a cell proliferation assay. In this assay, the
cells were treated with either the blankmedium, free PTX, or
each of the 11e-11h conjugates for 24 h, followed by
removal of the treatments and continuation of the incuba-
tion for an additional 72 h. An equimolar dose of PTX was
used in all treated groups.Viable cellswere then counted, and
the cell numbers in each group was normalized against the
untreated controls. The conjugates showed the same cyto-
toxic activity as the unconjugated drug, indicating complete
preservation of PTX activity. These results are shown in
Figure 5.

Conclusions

In an effort to produce high-drug-load, yet water-soluble,
paclitaxel conjugates for tumor-targeted chemotherapy of
cancer, novel derivatives of the antitumor drug paclitaxel
(PTX, taxol) were synthesized and were conjugated to the
chimeric anti-EGFR mAb, C225. The conjugation number
increased in direct proportion to the increasing drug stoichi-
ometry, reaching a D:mAb ratio of 12 and 10 for the two
highest load compounds. Unlike the previously reported low-
drug-load conjugates with limited aqueous solubility at
D:mAb of >3, these conjugates were highly soluble in
physiologic buffers at ambient and refrigerated temperatures
and thus may be suitable for excipient-free clinical formula-
tions. As evidenced by FACS analysis, conjugation of these
compounds did not alter the immunoreactivity of the parent
antibody at up to a PTX:mAb molar ratios of 12. The
retention of the drug cytotoxicity was also demonstrated
through cell proliferation assays against a human breast
cancer cell line. To our knowledge, no other PTXMAb
conjugateswith these highD:mAb ratios have beenpreviously
reported. With the ability to carry, target, and deliver a
therapeutically significant load of the drug, these compounds
may have potential in the development of tumor-targeting
PTX conjugates for clinical applications.

Experimental Section

General Information. Paclitaxel hemi-glutarate and hemi-suc-
cinate and their corresponding N-hydroxysuccinimide esters
(PTXGLNHS and PTXSXNHS) were prepared by themethods
of Deutsch et al.40 and Luo and Prestwich,41 respectively. C225
(Erbitux) was generously provided by ImClone Systems (New
York,NY).Discrete PEG (dPEG) linkers (Figure 2, compounds
2 and 3) were purchased from Quanta BioDesign, Ltd. (Powell,
OH). Buffers and aqueous solvents were prepared with metal-
free purified water (18.2 MΩ) obtained from aMilli-QF system
(Millipore, Bedford, MA). Dry solvents were of Sigma-Aldrich
(Milwaukee, WI) anhydrous grade, which were kept over 4 Å
molecular sieves before use. All compounds used in this work
were ofg95%purity.Measures of purities were provided by the
manufacturers for the commercially supplied compounds. The
purities of the intermediate and final product organic com-
pounds were determined by thin-layer chromatography (TLC)
(for non-UV-active compounds) or by reversed-phase (RP)
HPLC and TLC (for UV-active compounds). The purities of
the drug-antibody conjugates were determined by size-exclu-
sion (SE) HPLC. TLC analyses were performed on aluminum
backed silica gel 60 F254 plates (Merck, Darmstadt, Germany),
eluted with 15:1:84, v/v, methanol:HOAc:chloroform. TLC
results are reported for each compound in the form of the
corresponding Rf values with the corresponding purities shown
in parentheses. Products 5, 6, and 7were visualized by iodine (I2)
and ninhydrine staining, respectively. Products 8a, 8b, 9a, and
9b were detected by both UV light and I2 staining. RP-HPLC

Figure 5. Cell proliferation inhibition in MDA-MB-468 human
breast carcinoma cell line treated with either free PTX or each of
the 11e-11h conjugates at 10 nM drug equivalent concentration
and with a 24 h exposure time. Surviving cell numbers were normal-
ized against the untreated controls.
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was performed with a Beckman System Gold instrument ope-
rated by Beckman 32 Karat Version 5.0 software and equi-
pped with a System Gold 166 UV/VIS detector (Beckman
Coulter, Fullerton, CA) at 254 nm. Analytical and preparative
RP-HPLC was performed in 4.6 mm � 250 mm, C18, and
22 mm � 250 mm, C8 columns with 5 μm particle size
(GraceVydac, Deerfield, IL), respectively. Elution solvents were
0.1% TFA:H2O (solvent A) and 0.1:60:40, TFA:CH3CN:H2O,
v/v, (solvent B). A solvent B gradient of 10-90% was used in
each run and within 20 min (analytical runs) or 90 min
(preparative runs). SEC-HPLC was performed with a BioRad
model 5000 Titanium System (BioRad, Richmond, CA)
equipped with a model 1806 UV/VIS detector at 280 nm. For
analytical SEC-HPLC, a Biosil 7.8 mm � 300 mm column
(BioRad) equippedwith a Biosil 7.8mm� 80mmguard column
was used. A 10mMphosphate buffer containing 300mMNaCl,
10 mM Na2SO4, and 10% (v/v) DMSO was used as solvent.
Protein concentrations were determined using a BCA protein
assay kit (Thermo Scientific, Rockford, IL) according to the
manufacturer protocol. FACS analyses were performed on a
Becton Dickinson FACScan (BD Biosciences, San Jose, CA)
using CellQuest v.3.1 software. Fluorescein-labeled mouse anti-
human secondary antibody (Invitrogen, Frederick, MD) was
used as the secondary antibody and was excited by 488 nm blue
laser followedby detection inFL1 channel on a log scale ofmean
fluorescence intensity.

MALDI-TOF Mass Spectrometry. For compounds 5-9 the
MALDIMSanalyseswere performedwith aVoyager Elitemass
spectrometer in positive mode and with delayed extraction
technology (PerSeptive Biosystems, Framingham, MA). Sina-
pinic acid was used as matrix, and samples were prepared in a
50:50 (v/v) mixture of 0.1% TFA/acetonitrile. One μL of the
prepared sample was then spotted onto MALDI stainless steel
target and air-dried before analysis. A 1 pmol/L solution of
bovine serum albumin was used as internal standard.

For C225 and all antibody conjugates MALDI MS was
performed with a Bruker Reflex III MALDI-TOF with a linear
detector and in positive mode. The protein solution was mixed
with sinapinic acid matrix solution (6 mg/mL, 50:50 CAN:H2O,
v/v, containing 0.1% TFA) at proper ratios depending on the
sample concentration. One μL of the prepared sample was then
spotted onto MALDI stainless steel target and air-dried before
analysis. External calibration was performed with bovine serum
albumin with [M þ H] average mass (m/z) of 66430.

Boc-Lys[(dPEG12)3-dPEG4]-OH, 5. To the solution of
dPEG 2 (450 mg, 186 μmol) in DCM was added a solution of
Boc-lysine (4, 54.5 mg, 221.3 μmol) in three parts of 43.5, 5, and
6 mg, within 24 h, under argon and with stirring. The complete
disappearance of the starting material 2, as monitored by TLC,
was observed after an additional 48 h. The solventswere distilled
in vacuum, and the residual oil was redissolved in 10 mL of
purified water. The turbid mixture was transferred into a
dialysis membrane and was dialyzed first against 2 L of 150
mM chloride buffer for 2 h and then in water (3 � 2 L) for 5 h,
both at 4 �C. Lyophilization of the clear solution afforded the
product 5 as a light-yellow oil. Yield: 366 mg, 74%. Rf: 0.62 (I2,
one spot).MALDIMS: (MþH)þ-Boc, 2551-100=2451 (calcd
2552).

Boc-Lys[(dPEG12)3-dPEG4]-dPEG6-OH, 6. Conjugate 5

(351 mg, 132.5 μmol) was dissolved in DCM and a solution of
NHS (61 mg, 530 μmol) in THF was added under argon. After
cooling themixture in ice, a solution ofDCC(34.25mg, 166μmol)
inDCMwas added in several portions. The ice bathwas removed,
and the reaction mixture was stirred at ambient temperature for
48 h. The solid precipitate was filtered off, and the solvents were
distilled in vacuum to a viscous clear oil.

The oily activated ester was redissolved in dry DMF (1 mL),
and a solution of the dPEG6 (3, 51.5 mg, 145.7 μmol) in MTL
(800 μL), containing 38.2 μL (219 μmol) DIEA was slowly
added. A second portion of 3 (5.5 mg, 15.6 μmol) in 500 μL of

MTL was added after 18 h. After another 3 h, the solvents were
removed in vacuum and the residual oil was redissolved in 2 mL
of 50 mM, acetate buffer at pH 4.1. The solution was dialyzed
against 3� 2 L of water at 4 �C and for 20 h. The slight quantity
of particulatemasswas removed by centrifugation, and the clear
solution was lyophilized to afford 6 as a highly viscous clear oil.
Yield: 244 mg (61%). Rf: 0.6 (I2, product þ one minor spot).
MALDI MS: (M þ H)þ-Boc, 2886-100=2786 (calcd 2887).

H-Lys[(dPEG12)3-dPEG4]-dPEG6-OH 3TFA, 7. To an argon-
purged ice-cold round-bottomed flask containing conjugate 6
(230 mg, 77 μmol) was added 5 mL of a mixture of TIPS and
TFA (5:95, v/v) and the solution was incubated at ambient
temperature for 30 min. The solvents were removed in vacuum,
followed by addition and distillation of 10 mL of CHL. The oily
product 7 was kept under high vacuum for 12 h. Yield: 224 mg
(100%).Rf: 0.3 (ninhydrin, productþ oneminor spot).MS: (Mþ
H)þ 2788 (calcd 2787).

PTXGL-Lys[(dPEG12)3-dPEG4]-dPEG6-OH, 8a. The amine
salt 7 (223.4 mg, 77 μmol) was dissolved in DCM (5 mL) and
solution of PTXGLNHS or PTXSXNHS (93.2 mg, 87.5 μmol)
in 2 mL dry DCM was added under argon. DIEA (200 μmol)
was added in 30 μL portions to raise the pH of the reaction to
∼pH 8, as tested on a wet pH paper. The clear solution was
stirred at ambient temperature for 12 h. Solvent was removed
in vacuum and the crude product was purified by column
chromatography in a 2.3 cm � 12 cm column eluted with
0.1% HOAc in chloroform and a 0-7% MTL gradient. The
isolated product was redissolved in ACN:water (70:30, v/v),
followed by lyophilization, to remove traces of HOAc and to
afford a semisolid product. Yield: 297 mg (62%). Rf: 0.79 (UV
and I2, one spot). tR (RP-HPLC) 23.5 min (>98%). MALDI
MS: (M þ H)þ 3740 (calcd 3737).

PTXSX-Lys[(dPEG12)3-dPEG4]-dPEG6-OH, 8b. The same
procedure as for 8a was used except for the use of PTXSXNHS
(92 mg, 87.5 μmol). Yield: 215 mg (73%). Rf: 0.71 (UV and I2,
one spot); tR (RP-HPLC) 23.4 min (98.7%).MALDIMS: (Mþ
H)þ 3759 (calcd 3723).

PTXGL-Lys[(dPEG12)3-dPEG4]-dPEG6-NHS, 9a. A solu-
tion ofNHS (19.94mg, 173.3μmol) in 500μLofTHFwas added
to that of 8a (297 mg, 75.2 μmol) in 5 mL of DCM under argon,
followed by the addition ofDCC (24.5mg, 118.4 μmol) inDCM
(1mL). The solutionwas stirred at room temperature overnight,
producing a white solid precipitate. A second portion of DCC
(10 mg, 48.5 μmol) in 300 μL of DCM was added and the
reaction was stirred at ambient temperature for an additional
48 h. The solvents were distilled in vacuum, the semisolid residue
was treated with a mixture of ACN:WTR (60:40, v/v), and the
solid precipitate was removed by centrifugation. The product 9a
was purified by preparativeRP-HPLC.Yield: 140mg (47%).Rf:
0.65 (UV and I2, one spot); tR (RP-HPLC) 24.16 min (>98%).
MALDI MS: (M þ H)þ 3830 (calcd 3834).

PTXSX-Lys[(dPEG12)3-dPEG4]-dPEG6-NHS, 9b. The
same procedure as for 9a was used except for the use of 8b

(287.5 mg, 75.2 μmol). Yield: 268.3 mg (91%).Rf: 0.54 (UV and
I2, one spot); tR (RP-HPLC) 23.18 min (96.4%). MALDI MS:
(M þ H)þ 3857 (calcd 3820).

General Procedure for Antibody Conjugation. The antibody
solution was buffer-exchanged by filtration in Centricon-50
centrifuge funnels (Millipore, Bedford, MA) at 4000 rpm into
an 8.1 mM PBS at pH 8.1, and the protein concentration was
measured. For each conjugation, 600 μL of the antibody solu-
tion containing 2mg (1.3� 10-5mmol) was chilled in an ice bath
and ameasured amount of 9a or 9b in the same buffer was added
with gentle stirring at 0 �C. The calculated 9a/9b:C225 molar
ratios were 5, 10, 20, and 50. After 1 h, the solution was dialyzed
in a 50-KMWCOmembrane against 4� 2LofDPBS for 12 h at
4 �C. The product was analyzed for purity by SEC-HPLC.
Formation of the product conjugates and the number of sub-
stituted drugs per C225 were determined by MALDI-TOF MS
and using eq 1.
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Cell Proliferation Assays. MDA-MB-468 human breast
carcinoma cells (American Type Culture Collection,
Manassas, VA) were maintained as monolayers in 75 cm tissue
culture flasks using their respective cell culture medium con-
taining 10% fetal bovine serum and 2 mM L-glutamine.
Incubation was at 37 �C under a humidified 5% CO2:air
atmosphere (standard conditions) for five days. The cells were
harvested when in midlog growth and their concentration was
determined using a particle counter (Beckman Coulter, Inc.,
Fullerton, CA). An aliquot of the cell suspension was diluted in
culturemedium for delivery to a 24-well tissue culture plate at a
range of 10000-30000 per mL per well. After 24 h, quadrupli-
cate wells were inoculated with either the medium as untreated
controls or a test compound at a 10 nM drug equivalent
concentration. After 24 h of incubation, the wells were
aspirated, washed once with 1 mL of PBS, and were refilled
with 1 mL treatment-free medium. Following a 96-h post-
treatment incubation under standard conditions, the viable
cells were counted and the numbers were normalized to the
number of untreated controls. The extent of cytotoxicity in
treated wells as compared to the controls was calculated
using Microsoft Excel software program (Microsoft Corp.,
Redmond, WA).
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