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Drug Carrier Systems Drug Targeting Systems

Drug Carrier & 
Targeting Systems



Cancer Therapeutics
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Some cancer drugs aren’t stable in the body or able to 
cross the cell membrane

Cancerous

➡ Need to develop therapeutic carriers

Cancerous



Cancer Therapeutics
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Most cancer drugs permeate the cell membrane to 
execute their effects 

HealthyCancerous

➡ Need to develop therapeutics that target cancer cells



Current Drug Delivery Methods 
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Liposomes

Micelles



Cellular Entry: Lipid Fusion
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Cellular Entry: Lipid Fusion
•Advantages:

1. Direct cytosolic drug delivery 

2. High concentration of drug delivery per liposome



Current Drug Delivery Methods 
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Liposomes

Micelles

Nanoparticles

Linear 
Polymers

Dendrimers



Cellular Entry: Endocytosis
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Cellular Entry: Endocytosis
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•Advantages:

1. Can engineer drug release based on late endosome environment

2. High concentration of drug delivery per nanoparticle



Current Drug Delivery Methods 
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Liposomes

Micelles

Nanoparticles

Cell 
Penetrating 

Peptides

Linear 
Polymers

Dendrimers



Cellular Entry: Penetration
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Cellular Entry: Penetration
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•Advantages:

1. Simple synthesis

2. Can engineer drug release based on environment 

- Usually disulfide linkage



Enhanced Permeability and Retention Effects (EPR)
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Healthy 
Vessel

Tumor
Vessel

➡  Passive targeting
➡  This effect varies between tumor types



Selective Targeting Methods 
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Rely on the overexpression of membrane surface receptors
1. Ligand-Drug Conjugates:

- Affinity Ligand
- Drug
- Linker

2. Antibody-Drug Conjugates:
- Receptor Antibody
- Drug 
- Linker



Cellular Entry: Endocytosis

16



Cellular Entry: Endocytosis
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•Advantages:

1. Specific interaction with cancer cells (Targeting)

2. Can engineer drug release 



Combining Delivery & Targeting Methods 
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•Advantages:

1. Targeting

2. Able to permeate blood vessels to reach the tumor

Antibody 
coated 

nanoparticle

Or any combination of these!

Ligand 
conjugated 
to liposome

CPP 
decorated 

micelle

Ligand 
attached to 
dendrimer



Disadvantages of Current Targeting Methods

19

Off target effects: 
Cancer Healthy

Breast Cancer

Differences between 
cancer types:

Breast Cancer

Prostate Cancer

Breast Cancer

Differences within the 
same tumor :



Targeting a General Feature
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• Enhanced aerobic glycolysis (Warburg effect & Pasteur effect)

• Accumulation of lactic acid and subsequent excretions of H+ 

• Tumors have lower extracellular pH as compared to healthy tissue

pHe = 7.2-7.4

pHi = 7.4

Healthy

pHe = 6.5-7.0

pHi = 7.4

Cancerous

➡ Acidosis is a general feature of tumors



pHLIP: pH(Low) Insertion Peptide
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pHLIP lives in 3 worlds

 
Tryptophan fluorescence Circular Dichroism

pHLIP:       AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTG

Reshetnyak et al. Biophys. J (2007)

state I
in solution

Energetics of pHLIP Equilibriums

POPC
at 37ºC (310 K)

Reshetnyak YK, Andreev OA, Segala M, Markin VS, Engelman DM (2008)

Proc Natl Acad Sci U S A 105(40):15340-15345.

pHLIP:          NH2-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT-CO2H

Energetics of pHLIP Equilibriums

POPC
at 37ºC (310 K)

Reshetnyak YK, Andreev OA, Segala M, Markin VS, Engelman DM (2008)

Proc Natl Acad Sci U S A 105(40):15340-15345.

pHLIP:          NH2-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT-CO2H

Energetics of pHLIP Equilibriums

POPC
at 37ºC (310 K)

Reshetnyak YK, Andreev OA, Segala M, Markin VS, Engelman DM (2008)

Proc Natl Acad Sci U S A 105(40):15340-15345.

pHLIP:          NH2-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT-CO2H

state II
with lipids

ΔG = -7.2 kcal/mol

Reshetnyak et al. PNAS (2008)

state III
inserted

Energetics of pHLIP Equilibriums

POPC
at 37ºC (310 K)

Reshetnyak YK, Andreev OA, Segala M, Markin VS, Engelman DM (2008)

Proc Natl Acad Sci U S A 105(40):15340-15345.

pHLIP:          NH2-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT-CO2H

Energetics of pHLIP Equilibriums

POPC
at 37ºC (310 K)

Reshetnyak YK, Andreev OA, Segala M, Markin VS, Engelman DM (2008)

Proc Natl Acad Sci U S A 105(40):15340-15345.

pHLIP:          NH2-GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT-CO2H

ΔG = -1.8 kcal/mol

pKa ~ 6

AEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT

➡ pHLIP can be utilized as a targeting carrier



pHLIP is derived from Bacteriorhodopsin
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Studies of independent stability of 
Bacteriorhodopsin helices

6 out 7
TM domains

Hunt et al. Biochemistry (1997)

Helix C

low pH

• Bacteriorhodopsin = 7-TM light-driven proton pump found in the membrane of halobacteria.

• Helix C was found to be the only one to insert spontaneously across lipid bilayers at low pH.

New name for helix C:
 pH(Low) Insertion Peptide or pHLIP.

Hunt, J. F. J. et al. Biochemistry 1997, 36, 15156–15176.

Studies of independent stability of 
Bacteriorhodopsin helices

6 out 7
TM domains

Hunt et al. Biochemistry (1997)

Helix C

low pH

• Bacteriorhodopsin = 7-TM light-driven proton pump found in the membrane of halobacteria.

• Helix C was found to be the only one to insert spontaneously across lipid bilayers at low pH.

New name for helix C:
 pH(Low) Insertion Peptide or pHLIP.

• Bacteriorhodopsin light driven proton pump



Biophysical Summary of pHLIP
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However, recent data obtained on various pHLIP
variants show that the process of insertion can be
accelerated by 10–100 times if acidic residues are
removed from the C-terminus of the peptide (unpub-
lished work).

Dual delivery capability of pHLIP

pHLIP, in contrast to cell-penetrating peptides, stays
in the cellular membrane after insertion, translocating
one end into cytoplasm and leaving the other end in
the extracellular space (Andreev et al. 2009). There-
fore, the peptide possesses dual delivery capabilities: it
can tether cargo molecules to the cell surface and/or it
can inject and release cell-impermeable cargo mole-
cules into the cytoplasm (Figure 3). In the first
scenario, a cargo molecule is attached to the pHLIP
N-terminus. Suitable external cargo molecules might
possess a wide range of polarity and size. One of the
applications can be to deliver imaging probes to acidic
tissue, where they will be stably tethered to the sur-
faces of cells. Our recent data indicate that pHLIP can
deliver and tether various nanoparticles to the surface
of cancer cells (unpublished data). The second

delivery capability of pHLIP is based on the conju-
gation of cargo molecules to the C-terminus via a
bond that is cleaved in the environment of the cyto-
plasm, such as a disulfide. Since the energy released
during peptide folding and insertion across a mem-
brane is limited, and since strongly polar molecules
will reach equilibrium slowly, there is a limit on cargo
polarity (and most probably on size as well) that can
be delivered across a membrane by pHLIP, even
taking into account the mass action effect discussed
above. For example, we did not succeed in the trans-
location of a 20 base oligonucleotide, probably
because of its highly charged backbone (Reshetnyak
et al. 2006).

pHLIP-mediated translocation of
cell-impermeable functional cargos

As already discussed, pHLIP can translocate cargo
molecules attached to its C-terminus. Translocation
is selective for low pH, and various types of cargo
molecules attached by disulfides can be released in the
cytoplasm, including various fluorescent dyes, syn-
thetic cyclic peptides, toxins and peptide nucleic acids
(Reshetnyak et al. 2006). We have shown that a cell-
impermeable fluorescently-labelled toxin, phalloidin-
rhodamine, conjugated to the C-terminus of pHLIP
via an S-S- bond, can be moved across the membrane
in a pH-dependent manner (Reshetnyak et al. 2006)
and unpublished work. The pH-dependent translo-
cation of the fluorescent phalloidin by the peptide was
confirmed by fluorescence microscopy and fluores-
cence activated cell sorting. If phalloidin-rhodamine
enters a cell, it binds tightly to actin filaments at
nanomolar concentration (KD = 40 nM) and strongly
inhibits their depolymerization (Wehland et al. 1977).
Actin filaments stained with fluorescent phalloidin
have an unmistakable filamentous pattern, distinct
from the appearance of other cellular structures,
organelles or membrane staining. The phalloidin
translocated into the cytoplasm of live cells inhibits
the proliferation, contractility, migration and division
of cells. A long term effect of phalloidin is the for-
mation of multinucleated cells, since nuclei can divide
in treated cells, but the cell itself cannot. This process
leads to the formation of multiple nuclei in one cell
and eventual cell death.
Another example is the translocation of a class of

cell-impermeable functional cargo-molecule, peptide
nucleic acids (PNA), by pHLIP (Reshetnyak et al.
2006). PNAs can base pair specifically to target
nucleic acid sequences, but lack the highly charged
backbone of biological nucleic acids, and are therefore
candidates for pHLIP delivery. In vitro studies show

Add lipids at neutral pH

A. B.

Drop pH

HS-

Drop pH

-S-S-

-S-S-

State I

State II

State III

Figure 3. A schematic representation of the dual delivery capa-
bilities of pHLIP is shown: (A) Tethering of cargo molecules to
the surface of cells with low extracellular pH, and (B) translo-
cation of cell-impermeable polar cargo molecules across the
membrane lipid bilayer. State I corresponds to the peptide in
solution at normal and basic pHs. By addition of vesicles, the
unstructured peptide is adsorbed on the membrane surface,
raising the local concentration (State II). A drop of pH leads
to the protonation of Asp residues, increasing peptide hydropho-
bicity, and resulting in the insertion and formation of a trans-
membrane alpha-helix (State III). Lipids interacting with the
peptide directly are marked with blue head groups, lipids influ-
enced by the interaction but not interacting with the peptide
directly have cyan head groups, and lipids that are not involved in
the interaction with pHLIP have yellow head groups. The Figure
is reprinted from Andreev et al. (2009) (http://chemistry-today.
teknoscienze.com/).

348 O. A. Andreev et al.
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• Soluble in aqueous 
solution 

• Inserts into 
membrane at low 
pH

• Unidirectional 
Insertion: C-
terminus across

➡ Can be used as a Theranostic Tool!



pHLIP targets tumors in vivo
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Imaging tumors in vivo: pHLIP finds and 
accumulates in tumors

 

Andreev et al. Chim Oggi. (2009)

Nude mouse with 
cancer cells expressing the Green 

Fluorescent Protein (GFP)

Andreev et al. PNAS (2007)

 

pHLIP
+

GFP

GFP

pHLIP can help detecting sub-
millimeter tumors

after tumor removal

Segala et al. Int J Mol Sci (2009)

Andreev, O. A. et al. Proc. Natl. Acad. Sci. U.S.A. 2007, 104, 7893–7898.
Andreev, O. A. et al. Chim Oggi 2009, 27, 34–37.

• Discriminates between 
cancer and normal tissues

• Targets tumors of varying 
sizes and stages of growth

• Example: Whole-body 
near infra-red 
fluorescence images of 
mice bearing GFP 
expressing tumors



NC(X)4 peptides, whereas no change of signal is observed when
NBD is conjugated to the C terminus of pHLIP in the control
construct pHLIP-NBD (100% protection). These results indicate
that the C terminus of pHLIP is located inside the vesicles at
pH 4, thus protecting NBD from dithionite quenching, while the
NC(X)4 cyclic cargo peptides stay outside. Slow quenching of
NBD fluorescence is sometimes observed on a time scale of
minutes, as can be seen for the pHLIP-NBD conjugate, perhaps
due to leakage of dithionite or its decomposition products (Lem
and Wayman, 1970; Wayman and Lem, 1970) into the liposomes
at pH 4. As mentioned in the Experimental Procedures section,
protection is evaluated from the first data point collected
immediately after addition of dithionite (denoted by a circle in
Figure 1B).

We also tested how NC(X)4 peptides would behave in the pres-
ence of human cancer cells in an acidic environment by moni-
toring NBD fluorescence via confocal microscopy. Figure 1C
shows that these cargo peptides do not cross the membrane
of HeLa cells when incubated at pH 6.2. Indeed, with the excep-
tion of a few dead cells, no fluorescence is observed in the cyto-
plasm of the cells. Thus, these cargo molecules cannot cross a
lipid bilayer or a cell membrane on their own.

Interactions of pHLIP-Cargo Constructs
with Lipid Bilayers
Prior to evaluating pHLIP-mediated translocation of cyclic
peptides into lipid vesicles and cancer cells, each NC(X)4 cargo
peptide was conjugated to the C terminus region of pHLIP-Cys
via a disulfide bond. The interactions of these pHLIP-cargo
constructs with lipid bilayers were then studied using circular
dichroism (CD) and tryptophan fluorescence.

Figure 1. Cargo Peptides Do Not Cross Lipid
Membrane on their Own
(A) Structures of the NC(X)4 cargo peptides. The four

peptides studied in this work, NC(Ser)4, NC(Asp)4,

NC(Asn)4, and NC(Arg)4, follow the same model: four vari-

able positions (X), a Cys residue for conjugation to pHLIP,

and a NBD fluorescent probe attached to the side chain of

a Lys residue.

(B) Dithionite quenching of NBD fluorescence signals of

the NC(X)4 cargo peptides (2 mM) not attached to pHLIP

and of both N-terminal NBD-pHLIP and C-terminal

pHLIP-NBD constructs (2 mM) in the presence of lipo-

somes (peptide/lipid = 1:400) at pH 4.0. The arrows indi-

cate the time of addition of dithionite. The circle indicates

the first data point collected after the addition of dithionite.

(C) NBD fluorescence images of NC(X)4 cargo peptides

(5 mM) incubated with HeLa cells at pH 6.2 (top) and the

corresponding phase-contrast images (bottom).

Far UV CD spectroscopy was used to deter-
mine the secondary structure of various pHLIP
constructs in the presence of POPC liposomes
at pH 8 and 4 (Figures 2A and 2B). Figure 2A
shows that every pHLIP conjugate adopts an
unstructured configuration at pH 8, whereas
Figure 2B shows that all pHLIP conjugates
form a helices under acidic conditions similar
to that formed by pHLIP at pH 4, except for

pHLIP-NC(Arg)4. The latter remains unstructured when the pH
is lowered from 8 to 4.

There are two Trp residues present in the sequence of pHLIP,
and at least one of them is in the postulated transbilayer region
of the peptide. Thus, since the Trp fluorescence emission is
sensitive to the polarity of the environment, they serve as reporter
groups for monitoring the interactions of pHLIP (or pHLIP con-
jugates) with lipid bilayers in POPC vesicles. At pH 8, the Trp
fluorescence emission maxima of all pHLIP conjugates (except
pHLIP-NC(Arg)4) are centered around 350 nm (Figure 2C), reflect-
ing the exposure of Trp residues to polar, aqueous environments
(Burstein et al., 1973). Lowering the pH from 8 to 4 results in signif-
icant lmax blue shifts (R10 nm, except for pHLIP-NC(Arg)4) and
increases in fluorescence intensity (except for pHLIP-NC(Asn)4).
These changes are characteristic for Trp residues buried in
hydrophobic environments and suggest that at least pHLIP-
NC(Asp)4 and pHLIP-NC(Ser)4 conjugates insert into vesicles at
pH 4 (Burstein et al., 1973; Reshetnyak et al., 2007).

These findings agree with the pH-responsive changes in
secondary structure revealed by CD. Taken together, notwith-
standing the NC(Arg)4 exception, these results indicate that
conjugating a NC(X)4 cargo peptide (or an NBD reporter group)
to pHLIP does not disturb its characteristic shape-shifting
behavior. Moreover, in very recent tryptophan fluorescence
experiments, we measured the pK of insertion of pHLIP-
NC(Asp)4 into the bilayer of POPC vesicles to be 5.9 ± 0.1
(data not shown), which is very close to the value of 6.0
measured for pHLIP alone (Hunt et al., 1997). In other words,
acidic environments can induce pHLIP conjugates to insert
into lipid bilayers to form stable transmembrane a helices in a
fashion similar to that of pHLIP.

Chemistry & Biology

pHLIP Translocates Polar Molecules Across Membrane
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pHLIP Translocates Cargo in Cells

Thévenin, D., et al. Chem. Biol. 2009, 16, 754–762

cyclic peptide NC(Ser)4 (0.585 mg, 0.79 mmol, 1 eq.) in 340 ml of A, followed

by a solution of pHLIP-Cys (3.6 mg, 0.85 mmol, 1.08 eq.) in 340 ml of A. This

mixture was stirred at room temperature and in the dark for 20 min. To this

reduced mixture, an oxidizing solution of K3Fe(III)CN6 (6 mg, 18.2 mmol,

23.1 eq.) in 60 ml of aqueous NH4HCO3 buffer (200 mM; pH 8) was added.

This reaction mixture was stirred at room temperature for 5 hr, and then

allowed to sit at 0!C for 16 hr. The desired product was isolated via

reverse-phase HPLC (Hewlett Packard Zorbax semi-prep 9.4 3 250 mm

SB-C18 column; flow rate: 2 ml/min; phase A: water + 0.01% TFA; phase

B: acetonitrile + 0.01% TFA; gradient: 70 min from 99:1 A/B to 1:99 A/B).

Lyophilization provided the desired pHLIP-S-S-NC(Ser)4 adduct (0.4 mmol)

in "50% yield. The product was quantified using UV-vis absorbance of the

NBD group (3 280 nm "2,080 M#1cm#1, 3 348 nm "9,800 M#1cm#1, 3 480

nm "26,000 M#1cm#1) and pHLIP peptide (3 280 nm "13,940 M#1cm#1).

MS (MALDI-TOF MS+): molecular weight calculated for pHLIP-S-S-NC(Ser)4
(C223H329N55O71S2): 4980.5. Found (MH+): 4980.6.

Syntheses of pHLIP-S-S-NC(X)4 Where X = Asp, Asn, or Arg

Other pHLIP-S-S-NC(X)4 conjugates were prepared in similar fashions but

often using a simplified, milder procedure in which the TCEP reduction

step is omitted, thus allowing the use of less oxidizing reagent (K3Fe(III)CN6;

1–1.5 eq.). The desired adducts pHLIP-S-S-NC(X)4 were isolated in 30%–

40% yields. In the case of NC(Arg)4, the reaction proceeded as a heteroge-

neous mixture (perhaps due to aggregation between the multiple positive

charges on NC(Arg)4 and the multiple negative charges on pHLIP). MS

(MALDI-TOF MS+): molecular weight calculated for pHLIP-S-S-NC(Asp)4
(C227H329N55O75S2): 5092.5. Found (MH+): 5100.6. Molecular weight calcu-

lated for pHLIP-S-S-NC(Asn)4 (C227H333N59O71S2): 5088.6. Found (MH+):

5084.5.

Syntheses of C-Terminal pHLIP-NBD and N-Terminal

NBD-pHLIP Adducts

To a solution of pHLIP-Cys (3 mg, 0.7 mmol, 1 eq.) or Cys-pHLIP in 900 ml of

argon-saturated aqueous potassium phosphate buffer (100 mM; pH 7.25)

Figure 3. pHLIP Can Translocate Polar Molecules across Lipid Membrane
(A and B) Monitoring dithionite quenching of NBD fluorescence of pHLIP-NC(X)4 constructs (2 mM) in the presence of liposomes at pH 8.0 (A) and pH 4.0 (B). The

arrows indicate the time of addition of the quencher sodium dithionite. The circles indicate the first data point collected after the addition of dithionite.

(C) Monitoring pHLIP-mediated translocation of NC(X)4 cargo peptides (5 mM) into HeLa cells at pH 7.4 (top panels) and pH 6.2 (bottom panels) by confocal

microscopy.

Table 2. Percentage of Protection from Dithionite Quenching of
NBD Fluorescence via pHLIP Insertion-Mediated Cargo
Translocation into Liposomes at pH 4.0

C-Terminal

Cargo

Percentage of

Protectiona

Log Po/w

(pH 4.0)b MW Translocation

NBD 91 ± 9% #0.83 293.3 U

NC(Ser)4 76 ± 8% #2.68 742.7 U

NC(Asp)4 85 ± 7% #2.87 854.8 U

NC(Asn)4 0.4 ± 1.8% #8.52 850.8 X

NC(Arg)4 3 ± 5% #4.34 1025.2 X
a Percentage of Protection is given as mean ± SEM.
b Log Po/w at pH 4.0 is calculated from the fully protonated cyclic peptide

structures.

Chemistry & Biology

pHLIP Translocates Polar Molecules Across Membrane

Chemistry & Biology 16, 754–762, July 31, 2009 ª2009 Elsevier Ltd All rights reserved 759

• Translocates cell 
permeable peptides

• Translocates cell-
impermeable, model 
polar cyclic peptides

• pHLIP-mediated 
translocation of 
fluorescently labeled 
cargo peptides in HeLa 
cancer cells



Does pHLIP Alone Affect Cell Viability?
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• 3,000 cells/well (adhered O/N)
• 10 µM treatment for 2 hours

• Introduced at pH 7.4 and adjusted to pH 5.0
• pHLIP was removed and cells were washed once
• Cells recovered for 72 hours prior to determining cell viability

➡ pHLIP does not cause cell death
Figure S1. The pHLIP peptide variants are not cytotoxic. (A) HeLa cells and (B) MD-MB-231 treated with either pHLIP(WT) or 
pHLIP(D25E) at pH 7.4 (black bars) or pH 5.0 (grey bars). Cell viability was assessed with the MTT assay, and all measurements were 
normalized to the media control (0 µM, pH 7.4), as 100% cell viability. Results are shown as mean ± SD (n=3).
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Auristatins 
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• Peptide based microtubule depolymerization agent

• Monomethyl Auristatin E

therapeutic window of these cytotoxic agents by limiting the exposure of normal tissue to free drug. This is 
exemplified by the enhanced preclinical efficacy seen against a model of CRPC with an immunodrug conjugate 
comprised of paclitaxel (PTX) and the anti-EGFR antibody C225 (PTXGL-C225). Activity of PTXGL-C225 
was better than either component alone or the combination of both free agents [12]. Despite being a highly 
potent microtubule stabilizing agent and the data generated in the preclinical study, the IC50 of Docetaxel is 
considered to be approximately 10-fold too high for use in an antibody-drug conjugate strategy when translating 
the agent into the clinical setting [13]. This has led to investigation of additional, more toxic, antineoplastic 
agents for use in ADC approaches. Although DNA akylating agents, such as calicheamicin, have been 
investigated for use in ADCs [14]. However, at present there are two major classes of antineoplastics, 
maytansinoids and auristatins, that comprise the majority of agents being tested in the clinic as ADCs. Both of 
these classes of agents are microtubule depolymerizing agents and thus have mechanisms-of-action that are 
analogous to Docetaxel in that they interfere with proper microtubule function. As predicted by our above 
hypothesis, in vitro and in vivo preclinical models of CaP are sensitive to both classes of agents [15,16].  
 
The natural product dolastatin 10, originally isolated from 
the sea organism Dolabella auricularia, is a highly potent 
(IC50 in the pM range) peptide-based microtubule 
depolymerizing agent [17]. The overall toxicity profile of 
free Dolastatin 10 in phase II trials prevented dosing to 
sufficient levels to obtain meaningful clinical outcomes in 
multiple disease settings, including mCRPC [18-20]. 
However, a number of auristatins (e.g., Auristatin E, 
monomethylauristatin E, monomethyl auristatin F, and 
monomethyl auristatin F-OMe), which are synthetic 
derivatives of dolastatin 10, have been produced (Figure 
1) with the goal of optimizing properties of the 
microtubule inhibitors such as solubility, potency, 
pharmacokinetics, and ability to effectively conjugate to targeting vehicles such as antibodies for use in targeted 
drug delivery strategies [21,22]. When tested against cell lines derived from a variety of solid tumors 
Monomethyl auristatin F-OMe (MMAF-OMe) was the most potent auristatin (IC50 = 0.001 nM). In contrast, 
Monomethyl auristatin E (MMAE) demonstrated a 0.1 – 2 nM IC50 and MMAF exhibited an IC50 = 105 - 257 
nM. This difference in IC50 between MMAE and MMAF translated into a large difference in maximum 
tolerated dose (MTD) in mice (MMAE = 1 mg/Kg versus MMAF >16 mg/Kg). MMAF differs from MMAE by 
the presence of a carboxyl group at the R’ position (Figure 1). This difference in charge inhibits cellular uptake 
of free drug, accounting for the difference in potency seen between the agents. Conjugation of both MMAE and 
MMAF to mAb-based targeting vehicles using peptide-based linkers attached to the N-terminal methylvaline 
[21,22] improves drug potency. This is particularly notable with MMAF-based ADCs where intracellular 
delivery increased potency of MMAF on average >2200-fold as compared to free drug [21,22].  
 
Advances in the development of optimized cytotoxics (see above) and linkers, as well as advances in antibody 
engineering has led to a large focus on ADC development as a therapeutic strategy for cancer treatment. This 
has led to the recent FDA-approval of the anti-CD30-MMAE conjugate brentuximab vedotin for the treatment 
of Hodgkin’s lymphoma and anaplastic large cell lymphoma. Trastuzumab-DM1 has also demonstrated 
promising results in phase II clinical trials [23] and its approval is expected. A number of ADCs are also in 
various stages for the treatment of CRPC targeting a variety of antigens. These include PSMA-MMAE [24], a 
fully humanized mAb specific for PSMA that is linked to MMAE, which is currently in phase I trials. Similarly, 
ASG-5ME, which is composed of MMAE and a mAb that targets a novel cancer antigen (SLC44A4) shown to 
be up regulated in a number of epithelial tumors is also in phase I clinical trials for prostate cancer. Moreover, 
preclinical evaluation of an anti-TMEFF2-auristatin-E immunodrug conjugate showed significant anti-tumor 
effects against androgen-dependent LNCaP and CWR22 xenografts to warrant translation into the clinic [5]. 
Preclinical data describing the in vitro activity and in vivo PK and efficacy of an anti-STEAP1-MMAE ADC 
based on the ThioMab platform has also been recently described [25]. 

Figure 1: Structure of Dolastatin 10 and some of its synthetic 
monomethyl auristatin derivatives: MMAE, MMAF and 
MMAF-OMe. 
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• Form part of the cytoskeleton
- give structure and shape to 

cells
• Serves as a “conveyor belt” 

- moving organelles 
throughout the cytoplasm

• Major components of cilia and 
flagella

• Participate in formation of spindle 
fibers during mitosis

Molecular Expressions Cell Biology: Microtubules, 
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• Peptide based microtubule 

depolymerization agent

therapeutic window of these cytotoxic agents by limiting the exposure of normal tissue to free drug. This is 
exemplified by the enhanced preclinical efficacy seen against a model of CRPC with an immunodrug conjugate 
comprised of paclitaxel (PTX) and the anti-EGFR antibody C225 (PTXGL-C225). Activity of PTXGL-C225 
was better than either component alone or the combination of both free agents [12]. Despite being a highly 
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agents for use in ADC approaches. Although DNA akylating agents, such as calicheamicin, have been 
investigated for use in ADCs [14]. However, at present there are two major classes of antineoplastics, 
maytansinoids and auristatins, that comprise the majority of agents being tested in the clinic as ADCs. Both of 
these classes of agents are microtubule depolymerizing agents and thus have mechanisms-of-action that are 
analogous to Docetaxel in that they interfere with proper microtubule function. As predicted by our above 
hypothesis, in vitro and in vivo preclinical models of CaP are sensitive to both classes of agents [15,16].  
 
The natural product dolastatin 10, originally isolated from 
the sea organism Dolabella auricularia, is a highly potent 
(IC50 in the pM range) peptide-based microtubule 
depolymerizing agent [17]. The overall toxicity profile of 
free Dolastatin 10 in phase II trials prevented dosing to 
sufficient levels to obtain meaningful clinical outcomes in 
multiple disease settings, including mCRPC [18-20]. 
However, a number of auristatins (e.g., Auristatin E, 
monomethylauristatin E, monomethyl auristatin F, and 
monomethyl auristatin F-OMe), which are synthetic 
derivatives of dolastatin 10, have been produced (Figure 
1) with the goal of optimizing properties of the 
microtubule inhibitors such as solubility, potency, 
pharmacokinetics, and ability to effectively conjugate to targeting vehicles such as antibodies for use in targeted 
drug delivery strategies [21,22]. When tested against cell lines derived from a variety of solid tumors 
Monomethyl auristatin F-OMe (MMAF-OMe) was the most potent auristatin (IC50 = 0.001 nM). In contrast, 
Monomethyl auristatin E (MMAE) demonstrated a 0.1 – 2 nM IC50 and MMAF exhibited an IC50 = 105 - 257 
nM. This difference in IC50 between MMAE and MMAF translated into a large difference in maximum 
tolerated dose (MTD) in mice (MMAE = 1 mg/Kg versus MMAF >16 mg/Kg). MMAF differs from MMAE by 
the presence of a carboxyl group at the R’ position (Figure 1). This difference in charge inhibits cellular uptake 
of free drug, accounting for the difference in potency seen between the agents. Conjugation of both MMAE and 
MMAF to mAb-based targeting vehicles using peptide-based linkers attached to the N-terminal methylvaline 
[21,22] improves drug potency. This is particularly notable with MMAF-based ADCs where intracellular 
delivery increased potency of MMAF on average >2200-fold as compared to free drug [21,22].  
 
Advances in the development of optimized cytotoxics (see above) and linkers, as well as advances in antibody 
engineering has led to a large focus on ADC development as a therapeutic strategy for cancer treatment. This 
has led to the recent FDA-approval of the anti-CD30-MMAE conjugate brentuximab vedotin for the treatment 
of Hodgkin’s lymphoma and anaplastic large cell lymphoma. Trastuzumab-DM1 has also demonstrated 
promising results in phase II clinical trials [23] and its approval is expected. A number of ADCs are also in 
various stages for the treatment of CRPC targeting a variety of antigens. These include PSMA-MMAE [24], a 
fully humanized mAb specific for PSMA that is linked to MMAE, which is currently in phase I trials. Similarly, 
ASG-5ME, which is composed of MMAE and a mAb that targets a novel cancer antigen (SLC44A4) shown to 
be up regulated in a number of epithelial tumors is also in phase I clinical trials for prostate cancer. Moreover, 
preclinical evaluation of an anti-TMEFF2-auristatin-E immunodrug conjugate showed significant anti-tumor 
effects against androgen-dependent LNCaP and CWR22 xenografts to warrant translation into the clinic [5]. 
Preclinical data describing the in vitro activity and in vivo PK and efficacy of an anti-STEAP1-MMAE ADC 
based on the ThioMab platform has also been recently described [25]. 

Figure 1: Structure of Dolastatin 10 and some of its synthetic 
monomethyl auristatin derivatives: MMAE, MMAF and 
MMAF-OMe. 
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Figure 3.  Inhibition of cell growth. (A), (C) 
and (D): HeLa cells treated with pHLIP(WT)-
M M A E , p H L I P ( D 2 5 E ) - M M A E , a n d  
MMAE(linker), respectively.  (B), (D) and (F): 
MDA-MB-231 cells treated with pHLIP(WT)-
M M A E , p H L I P ( D 2 5 E ) - M M A E , a n d  
MMAE(linker), respectively. Black columns 
represent cells treated at pH 7.4 and cells treated 
at low pH are shown in grey. For each 
condition, 3,000 cells/well (96-well plate) were 
seeded, allowed to adhere overnight, treated for 
2 hours, washed once with media and grown for 
72 hour in complete medium at physiologic pH. 
Cell viability was assessed with the MTT assay. 
All measurements were normalized to the media 
control (0 µM, pH 7.4), as 100% cell viability. 
Results are shown as mean ± SD (n=6).



pHLIP(WT):    H3N-AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTCG-COO-
pHLIP(D25E):   H3N-AAEQNPIYWARYADWLFTTPLLLLELALLVDADEGTCG-NH3

(A)

(B)

Figure 1. (A) Sequences of the pHLIP peptides used in this study.  The amino acid substitution for the variant pHLIP(D25E) is shown in bold, and the 
cysteine available for disulfide drug conjugation is shown underlined. (B) Structure of MMAE with a succinimide nitrophenyl-based linker, 
conjugation to pHLIP via disulfide exchange and the structure of MMAE as released intracellularly after pHLIP insertion and reduction of the disulfide 
bond.  

MMAE Conjugation to pHLIP
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• Conjugated to pHLIP via disulfide linkage
• MALDI-TOF

- pHLIP(WT)-MMAE: Expected [M + H+] = 5045; Found [M + H+] = 5052
• Purified to >95% by RP-HPLC



pHLIP-MMAE pH-Mediated Insertion in Liposomes

31➡ MMAE does not perturb shapeshifting behavior of pHLIP
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Figure 2. Interactions of pHLIP-MMAE Constructs with Lipid Bilayers. (A-B) pHLIP(WT)-MMAE CD spectroscopy and Trp Fluorescence, 
respectively.  (C-D) pHLIP(WT)-MMAE CD spectroscopy and Trp Fluorescence respectively.  State I corresponds to the peptides in an aqueous environment 
is shown in black, state II: peptides in the presence of lipid membranes at pH 7.4, shown in blue and state III: peptides in the presence of lipids at pH 5.0 is 
shown in red. [peptide] = 7 µM and peptide-lipid ratio =1:300 with POPC liposomes.
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pHLIP lives in 3 worlds

 
Tryptophan fluorescence Circular Dichroism

pHLIP:       AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTG
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pHLIP-MMAE Cell Viability Assays
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• 3,000 cells/well (adhered O/N)
• 10 µM treatment for 2 hours

• pHLIP-MMAE introduced at pH 7.4 and adjusted to pH 5.0
• Construct was removed and cells were washed once
• Cells recovered for 72 hours prior to determining cell viability
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Figure 3.  Inhibition of cell growth. (A), (C) 
and (D): HeLa cells treated with pHLIP(WT)-
M M A E , p H L I P ( D 2 5 E ) - M M A E , a n d  
MMAE(linker), respectively.  (B), (D) and (F): 
MDA-MB-231 cells treated with pHLIP(WT)-
M M A E , p H L I P ( D 2 5 E ) - M M A E , a n d  
MMAE(linker), respectively. Black columns 
represent cells treated at pH 7.4 and cells treated 
at low pH are shown in grey. For each 
condition, 3,000 cells/well (96-well plate) were 
seeded, allowed to adhere overnight, treated for 
2 hours, washed once with media and grown for 
72 hour in complete medium at physiologic pH. 
Cell viability was assessed with the MTT assay. 
All measurements were normalized to the media 
control (0 µM, pH 7.4), as 100% cell viability. 
Results are shown as mean ± SD (n=6).



AlexaFluor750-pHLIP(WT)-MMAE Conjugation
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• Pure pHLIP(WT)-MMAE conjugated to NHS ester activated 
AlexaFluor 750 via amide bond

• MALDI-TOF
- A750-pHLIP(WT)-MMAE: Expected [M + H+] ~5915; Found [M + H+] = 5925

• Purified to >95% by RP-HPLC
• Sent to Matt (Fox Chase Cancer Center)
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Is pHLIP-MMAE Able To Target Tumors In Vivo?
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Tumor&

Kidney&

Tumor&

Kidney&

• A750-pHLIP-MMAE resuspended to 50 microM in PBS pH7.4
• Inject ~100uL (5nmoles) of probe into nude mice harboring MDA-

MB-231 xenografts
• Image at 28 hours. 

➡ YUP!!  



Conclusions
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I. Current Drug Carrier Systems

- Provide passive targeting though enhanced permeability

II. Current Drug Targeting Systems

- Difficult to target many types of cancer since each developed 
for a single biomarker

III. Drug Targeting and Delivery Applications 

- pHLIP targets a general biomarker for all cancer types and 
provides carrier capabilities


