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Abstract. Peptides represent a promising modal-
ity for the design of novel therapeutics that can
potentially modulate traditionally non-druggable
targets. Cell-penetrating peptides (CPPs) and an-
timicrobial peptides (AMPs) are two large families
that are being explored extensively as drug deliv-
ery vehicles, imaging reagents, or therapeutic
treatments for various diseases. Many CPPs
and AMPs are cationic among which a significant
portion is extremely basic and hydrophilic (e.g.,

nona-arginine). Despite their attractive therapeutic potential, it remains challenging to directly analyze and
quantify these super cationic peptides from biological matrices due to their poor chromatographic behavior and
MS response. Herein, we describe a generic method that combines solid phase extraction and LC-MS/MS for
analysis of these peptides. As demonstrated, using a dozen strongly basic peptides, low μM concentration of
perfluoropentanoic acid (PFPeA) in the mobile phase enabled excellent compound chromatographic retention,
thus avoiding co-elution with solvent front ion suppressants. PFPeA also had a charge reduction effect that
allowed the selection of parent/ion fragment pairs in the higher m/z region to further reduce potential low
molecular weight interferences. When the method was coupled to the optimized sample extraction process,
we routinely achieved low digit ng/ml sensitivity for peptides in plasma/tissue. The method allowed an efficient
evaluation of plasma stability of CPPs/AMPs without fluorescence derivatization or other tagging methods.
Importantly, using the widely studied HIV-TAT CPP as an example, the method enabled us to directly assess
its pharmacokinetics and tissue distribution in preclinical animal models.
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Introduction

Unprecedented progress has been made using monoclonal
antibody (mAb)-based therapy in treating cancers. Partic-

ularly exciting are recent advances and remarkable clinical

results in immunological checkpoint blockade and retargeting
T cells via CAR T cells and bispecific antibodies [1–3]. Despite
these tremendous successes, a vast majority of intracellular
targets are not accessible for mAbs and CAR T cell therapy.
Meanwhile, it is estimated that there are 3–4 times more intra-
cellular targets than surface protein targets [4]. Since many of
these proteins are not enzymes or surface receptors with readily
druggable pockets, small molecules have largely been less
effective in disrupting these large, shallow but topologically
complex protein-protein interactions. Peptides, especially those
capable of entering cells, represent a promising intermediate

Electronic supplementary material The online version of this article (https://
doi.org/10.1007/s13361-019-02257-9) contains supplementary material, which
is available to authorized users.

Correspondence to: Jianzhong Wen; e-mail: Jianzhong.wen@merck.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s13361-019-02257-9&domain=pdf
http://orcid.org/0000-0002-3057-721X
http://dx.doi.org/10.1007/s13361-019-02257-9
http://dx.doi.org/10.1007/s13361-019-02257-9


molecular entity that can potentially harness the best character-
istics of both small molecule therapeutics and large biologics to
reach traditionally non-druggable intracellular targets.

Two large families of peptides have drawn extensive re-
search attention during the past two decades. The first family is
the so called cell-penetrating peptide (CPP) [5]. CPPs are
generally short peptides (< 30 amino acids), often cationic
and have the ability to not only penetrate cell membranes with
little cytotoxicity to mammalian cells but also to ferry cargo
(e.g., proteins, genes, or nanoparticles) into cells [6, 7]. Amino
acid 48-60 (GRKKRRQRRRPPQ) from transactivator of tran-
scription (TAT) protein of HIV-1 [8], penetratin
(RQIKIWFQNRRMKWKKGG) derived from the amphiphilic
Drosophila Antennapedia homeodomain [9], and polyarginine
[10] (e.g., RRRRRRRR), among others, represent the early
discovered and widely studied CPPs. They have been used as
model systems in experiments designed to understand their
internalization mechanism and cargo delivery capabilities [11,
12]. Over the years, more than 1500 natural/synthetic CPPs
have been identified or designed, and a comprehensive list is
available through database CPPsite 2.0 [13]. Many CPPs are
now being explored in the preclinical space and a few are
currently being evaluated in different phases of clinical trials
as drug delivery vehicles [14]. Analysis of the CPP collections
in database CPPsite 2.0 shows that more than 90% of them are
cationic in nature, among which 64% have pI > 12 (Figure 1a).
The extremely basic nature of these CPPs, such as (Arg)9,
potentially enhances their cellular uptake efficiency, but creates
an enormous challenge for their detection and analysis during
drug discovery and development.

In addition to CPPs, another important category of exten-
sively studied peptides bearing similar analytical challenges are
cationic antimicrobial peptides (AMPs) [15, 16]. These pep-
tides, as the name suggests, have ability to directly kill patho-
genic microorganisms including bacteria, fungi, and viruses via
selective membrane disruption or blocking intracellular func-
tions. Some prominent AMP examples include polymyxin B
and vancomycin, both of which are FDA-approved antibiotics.
Many AMPs are being tested as an alternative treatment regime
against the ever-growing number of multidrug-resistant infec-
tions [17]. Cationic AMPs share common characteristics of
CPPs, like being strongly cationic and hydrophilic. Further-
more, certain AMPs can act as CPPs, and vice versa, some
CPPs possess AMP properties. For example, the TAT peptide
shows potent antibacterial activity against a broad spectrum of
pathogens [18]. Phage display has identified two peptides that
bind to heparan sulfate and block viral infection, and these
AMPs were later found to internalize into cells [19, 20]. In
total, more than 5000 AMPs have been identified up to date
and multiple databases are publicly available [16, 21]. A plot of
the collected AMPs indicates that more than 70% of them are
basic and 14% among those have extreme pI > 12 (Figure 1b).

Basic and hydrophilic compounds are notoriously difficult
to analyze in biological matrices because they are hard to
extract, prone to nonspecific binding, and are not retained or
show poor peak shapes under most chromatographic

conditions. Therefore, exposure information is frequently miss-
ing from in vivo studies, which prevents an understanding of
their pharmacokinetics/pharmacodynamics (PK/PD) relation-
ship. Previous efforts to circumvent these obstacles have been
by conjugating a fluorescent or radioactive tag to the peptides,
so that cell entry, tissue distribution or pharmacokinetics could
be monitored [22–24]. The drawback of these methods is that
the conjugationmight mask ormodify the original properties of
peptides and provide information not representative for the
native peptides. These measurements may not necessarily re-
flect the real exposure of the intact peptides, thus limiting the
value of PK/PD models or in vitro to in vivo correlations. A
sensitive, selective and robust method to quantify these ex-
tremely positively charged peptides is required to accelerate the
progression of new CPPs/AMPs into preclinical or clinical
trials.

In this report, we describe a generic LC-MS–based quanti-
tation method that employs perfluoropentanoic acid (PFPeA)
as a mobile phase modifier to overcome the challenge of
compound retention. We found that PFPeA, even at low μM
concentration, offered an enormous benefit in retaining these

Figure 1. Isoelectric point (pI) distribution of (a) CPPs from
database CPPsite2.0 and (b) AMPs from database LAMP
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strongly basic peptides on reversed phase analytical columns.
PFPeA also reduced the charge states of peptides and shifted
the charge envelope to higher m/z values. Concentrations of
PFPeA in the mobile phase were carefully evaluated to enable
both good chromatographic separation and excellent MS sen-
sitivity. We further demonstrated that a simple trichloroacetic
acid (TCA) protein precipitation coupled with solid phase
extraction (SPE) provided a robust way to extract these com-
pounds from plasma and tissues. The overall extraction and
LC-MS procedure offered an assay sensitivity of 1–5 ng/ml for
the examined super cationic peptides. The developed method
was successfully applied to directly measure peptide plasma
stability and explore the pharmacokinetic profile and tissue
distribution of these compounds without derivatization.

Experimental Section
Materials

Peptides R9, penetratin, nuclear localization signal (NLS),
Bac2A, and TAT were purchased from Anaspec (Fremont,
CA, USA). FHV Coat (35-49), HIV-1 Rev. (34-50), and
HTLV-II Rex (4-16) were synthesized by Genscript
(Piscataway, NJ, USA). G1 anti-HS peptide and G2 anti-3-
OSHS peptide, perfluoropentanoic acid (PFPeA), trifloroacetic
acid (TFA), dimethyl sulfoxide (DMSO), trichloroacetic acid
(TCA), and Roche complete EDTA-free protease inhibitor
cocktail (PIC) tablet were purchased from Sigma-Aldrich (Mil-
waukee, WI, USA). Mass spectrometry grade methanol, 0.1%
formic acid (FA) in water and in acetonitrile (ACN), was
obtained from Fisher Scientific (Pittsburgh, PA, USA). Oasis
HLB and WCX 96-well μElution plates were purchased from
Waters (Milford, MA, USA). Protein loBind 96-well plates
were ordered from Eppendorf (Hamburg, Germany). Control
rat plasma was purchased from Bioreclamation (Westbury,
NY, USA). A liquid nitrogen compatible tissue pulverizer
was purchased from Cellcrusher (Portland, OR, USA). Tenfold
concentration (10 times) cell lysis buffer used for tissue extrac-
tion was ordered from Cell Signaling Technology (Danvers,
MA, USA).

In Vivo Rat PK, Sample Collection, and Tissue
Processing

All rats were housed in an AAALAC-accredited facility in
accordance with USDA guidelines. The study was performed
under a protocol approved by the local IACUC. In vivo studies
were conducted using pre-cannulated male Wistar Han rats
weighing between 0.31 and 0.33 kg. Rats were fasted with
food removed approximately 16 h prior to dosing, and water
provided ad libitum. TAT peptide was reconstituted in saline at
10 mg/ml and the formulation was administered at a dosing
volume of 1 ml/kg via IV. Blood (0.25 ml) was sampled from
jugular vein cannula at the following time points: 0, 2, 8, 15,
and 30 min and 1, 2, 4, 7, 12, 18, and 24 h and was placed into
EDTA tubes pre-spiked with complete PIC and the processed

plasma was stored at − 70 °C until analysis. A duplicate set of
rats were dosed and sacrificed 30 min post dose to collect the
liver, kidney, heart, spleen, muscle, and brain. Collected tissues
were immediately frozen on dry ice and homogenized manu-
ally using a tissue pulverizer cooled in liquid nitrogen on the
day of sample analysis. One part of pulverized tissue by weight
was mixed with three parts of lysis buffer (1x cell lysis buffer
from cell signaling, 5 mM EDTA/EGTA, 1 tablet of PIC per
50 ml buffer) by volume and incubated at 4 °C for an hour.

Standards, Quality Control, and Sample
Preparations

All compound stocks were prepared in DMSO at 1 mg/ml and
stored at − 20 °C when not in use. Plasma or tissue calibration
standards and QCs were prepared in a 96-well protein low
binding plate using an HP D300 Digital Liquid Dispenser
(HP, Palo Alto, CA) to eliminate intermediate dilution steps
and minimize potential losses due to non-specific binding from
additional manipulations [25]. Plasma samples (the first five
time points were 10 times diluted using blank plasma) or tissue
homogenate were precipitated by adding 5% TCA in water
(w/v) with internal standard (IS) at 1:4 ratio. Peptide G1 was
used as IS at 100 ng/ml. After the plates were mixed and
centrifuged at 4000×g for 10min, the supernatant was removed
and diluted with 400 μL water before proceeding to the auto-
mated SPE procedure using a Hamilton STAR liquid handling
system (Reno, Nevada). In brief, the HLB μElution plate was
washed with methanol and the resins were then equilibrated
with water. After sample loading, the plate was washed twice
with water before compound elution by 75% ACN/1% TFA.
An equal volume of water was added to the elution plate before
sample analysis. A similar procedure was applied for the WCX
μElution plate, except that after sample loading, the plate was
first washed by 2% NH4OH then water before compound
elution.

The stability of selected CPPs/AMPs peptides in rat EDTA
or heparin plasmawas determined by incubating the peptides in
the plasma at 37 °C for the time period of 0–6 h. At each
indicated time point, an aliquot was taken out from the master
mix and quenched by adding four volumes of 5% TCA/IS.
After the last time point, all samples were processed similarly
as the in vivo plasma PK samples described above.

Sample Analysis by LC-MS

Liquid chromatography (LC) was carried out on a Waters
ACQUITY UPLC I-class system (Waters, Milford, MA) with
mobile phase A consisting of H2O/0.1% FA, and mobile phase
B of ACN/0.1% FA. PFPeAwas added to both mobile phase A
and B at concentrations indicated in the main text. Autosampler
weak and strong wash solvents were H2O/0.1% FA and 50%
ACN/40% Isopropanol /10% acetone/0.05% FA, respectively.
All compounds were analyzed on a Waters UPLC HSS T3
(2.1 × 50 mm, 1.8 μm) column maintained at 60 °C with
gradient elution. The percentage of solvent A was held at
98% for 30 s while the sample was loaded to the column.
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The organic phase was then ramped to 70% in 90 s and 95%
after an additional 12 s then maintained at 95% for 18 s. The
column was then flushed with two cycles of low to high
organic solvent to minimize column carryover. The total run
time for each injection was 3.8 min. All LC analyses had a flow
rate of 0.75 ml/min.

Mass spectrometric detection was performed on an AB/
Sciex 5500 or 6500 triple quadrupole system (Concord, ON,
Canada) in the positive ion mode. All compounds were
detected/quantified using their specific multiple reaction mon-
itoring (MRM) transitions listed in Table S-2. Data was col-
lected using Sciex Analyst 1.6.1 and processed by MultiQuant
3.0.1. Standard curves were fitted by a linear regression with
1/x2 weighting. The PK parameters were calculated using
established non-compartmental model.

CPPs/AMPs Database Analysis and PI Calculation

CPP peptides were extracted from database CPPsite2.0 [13]
(http://crdd.osdd.net/raghava/cppsite/). AMP collections were
retrieved from database LAMP [21] (http://biotechlab.fudan.
edu.cn/database/lamp/index.php). Peptide pI was calculated
using an online tool [26] (http:// isoelectric.org/).
Hydrophobicity of peptides was calculated by summation of
the relative hydrophobicity of each amino acid (Table S-1)
using values published by Sereda et al. [27]. All graphs in the
manuscript were prepared using Graphpad Prism 7 (La Jolla,
CA, USA).

Results and Discussion
Peptide Retention Using PFPeA as a Mobile Phase
Modifier

Liquid chromatography (LC) coupled with triple quadrupole
mass spectrometry-based multiple reaction monitoring (MRM)
is still the gold standard for sensitive and selective determina-
tion of drug quantitation in the pharmaceutical industry. A

significant challenge of analyzing the majority of highly hy-
drophilic and positively charged CPPs and AMPs is their poor
retention/recovery on most chromatographic columns. To fa-
cilitate the method development, we selected ten widely stud-
ied CPPs/AMPs as model analytes. These peptides have mo-
lecular weight ranging from 1400 to 2500 Da and their predict-
ed pI are all above 12, except NLS (Table 1). The LC system
and performance of a reversed phase column were calibrated
using cytidine, labetalol, imipramine, and diclofenac, where the
small hydrophilic cytidine eluted at 0.2 min and marked the
column void volume (Figure 2). When the ten peptides were
analyzed on the system, as expected, most were unretained and
eluted at the column void volume due to their hydrophilicity
(Figure 2). Based on their column behavior, the ten peptides
were grouped into two categories. Type 1, including R9, TAT,
G2, FHV, HIV-1, and HTLV, did not bind to the column at all
and they all have a hydrophobicity score below − 1, while type
2 peptides (NLS, G1, Penetratin and Bac2A) showed split
peaks eluting after 0.6 min with the major portion detected at
the solvent front. Three out of four type 2 peptides have
hydrophobicity above 2 and their retention on the column
approximately correlated to their estimated hydrophobicity,
even though the peak shape and reproducibility of the retained
fractions fluctuated depending on the condition of the column,
the LC system used and organic content in the sample.

To develop a reliable, MS-compatible LC method to ana-
lyze these types of peptides, we first explored HILIC and ion
exchange–binding mechanisms. Both attempts failed owing to
either peak broadening or no recovery. We then explored the
possibility of using ion-pairing methods. Perfluorinated acids,
such as TFA, have been frequently used as mobile phase
additives for peptide and protein separation [28, 29]. We found
that perfluoropentanoic acid (PFPeA) dramatically increased
the retention of these peptides. Using an empirical concentra-
tion of 6 mM PFPeA (or 0.1%) in the mobile phases, all
peptides eluted between 1.5 and 1.8 min as a single sharp and
symmetrical peak (Figure 2). PFPeA can in fact sufficiently

Table 1. Sequences and Chemical Properties of Selected CPPs and AMPs

Type Peptide Sequence MW (Da) pI Hydrophobicityh CPP AMP

1 R9 RRRRRRRRR 1423.7 12.7 −2.34 √
1 TAT a GRKKRRQRRRPPQ 1719.0 12.5 −3.12 √ √
1 G2 b MPRRRRIRRRQK 1709.1 12.6 −1.09 √ √
1 FHV c RRRRNRTRRNRRRVR 2164.5 12.8 −2.76 √
1 HIV-1 d TRQARRNRRRRWRERQR 2437.8 12.4 −1.67 √
1 HTLV e TRRQRTRRARRNR 1783.0 12.7 −2.07 √
2 NLS f PKKKRKVEDPYC 1490.8 8.9 −0.96 √
2 G1 b LRSRTKIIRIRH 1548.9 12.3 2.23 √ √
2 Penetratin RQIKIWFQNRRMKWKKGG 2360.9 12.1 2.31 √ √
2 Bac2A g RLARIVVIRVAR 1421.8 12.3 3.69 √

aDerived from HIV-1 TAT protein residue 48–60
bAnti-heparan sulfate peptide group 1 (G1) and group 2 (G2) identified by phage display
cDerived from Flock house virus (FHV) coat protein residue 35–49
dDerived from HIV-1 Rev. protein residue 34–50
eDerived from Human T cell leukemia virus type 2 (HTLV-2) Rex protein residue 4–16
fNuclear localization signal derived from SV 40
gBac2A: a linear variant of cationic antimicrobial peptide bactenecin found in bovine neutrophils
hHydrophobicity of peptides was calculated by summation of the relative hydrophobicity of each amino acid (Table S-1) using values published by Sereda et al. [27]
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alter the peptides’ apparent hydrophobicity and separate them
from the solvent front. This observation laid the foundation for
us to develop a fast, sensitive, and robust LC-MS–based quan-
titation method.

MRM Setup and Charge Stripping by PFPeA

To establish MRM methods, each peptide in 50% ACN/0.1%
FA was infused into the mass spectrometer and corresponding
parent and daughter ion pairs were identified. Due to the
number of basic amino acids in the sequences of the peptide
test set, the most abundant parent ions usually carried more
than 4 charges and fell in the 200–400 m/z range (Figure 3 and
S-1). During the MRM optimization process, we observed that
adding PFPeA to the neat solution reduced the peptides’ charge
state. For example, the dominant charge state of R9 without
PFPeA was + 6. When the PFPeA concentration was added at
0.5 mM, the major R9 charge state was reduced to + 4 and at
2 mM PFPeA, the dominant charge state was + 3 and an
abundant peak of + 2 could also be detected (Figure 3a). Sim-
ilarly, the dominant charge state of TAT without PFPeA was +
5 which was reduced to + 4 at 0.5 mM and + 3 at 2 mM PFPeA
(Figure 3b). This charge stripping phenomenon was observed
for all the other peptides (Figure S-1) and allowed us to select
MRM at higher m/z range with potentially less interference
from co-eluting ions. Thus, each peptide was also infused at
0.5–2 mM PFPeA to cover the lower charge states, and MRM
for each observed relatively abundant product ion from each
charge state was monitored during the initial method develop-
ment phase. Details for the MRM methodology were included
in Table S-2. Addition of PFPeA in the infusion solution
sometimes created additional ion peaks due to apparent adduct
formation, such as seen in Figure 3b middle panel (m/z range
450–850). Increasing the declustering potential of the orifice
and the desolvation gas flow of the Sciex Turbo V ion source
generally decreased the presence of these adducts.

Manipulating the charge envelope of peptides/proteins has
been tested for various purposes by applying supercharging
reagents [30], chemical derivatization [31], solvent or gas
phase ion/ion reaction, or proton transfer [32]. PFPeA-
induced charge stripping could potentially involve the ion
pairing effect of the perfluorinated anions that mask the basic
groups on the peptides for protonation or PFPeA lowered
surface tension (PFPeA ~ 16 dyn/cm vs. H2O ~ 72 dyn/cm)
of the electrospray droplet thus decreasing the charge density
before droplet fission or the combination of both.

Assay Optimization by Fine Tuning PFPeA
Concentration

A major concern of using ion pairing reagents in a mass
spectrometer is their potential ion suppression effect on the
analytes and possible deterioration of instrument perfor-
mance at high concentration. To evaluate and fine tune the
influence of PFPeA on signal response and instrument per-
formance, we titrated PFPeA in the mobile phase from 1 μM
to 10 mM. The MRM responses from the two most sensitive
charge states were presented for each peptide in Figure 4
and Figure S-2. All peptides exhibited a bell shape signal
response with increasing PFPeA concentration. Interesting-
ly, the most sensitive charge state of type 1 peptides, such as
R9, TAT, and G2, all reached maximal signal response at
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Figure 2. PFPeA facilitates the binding of extremely positively
charged peptides on reversed phase columns. Performance of
the column was tested using cytidine (1), labetalol (2), imipra-
mine (3) and diclofenac (4). Retained fraction of NLS, G1,
Penetratin and Bac2A was labeled by an arrow

J. Wen et al.: Quantitation of Super Basic Peptides by LC/MS 1783



approximately 0.1 mM PFPeA with minimal differences in
signal intensity between 0.05 and 0.5 mM. Additionally, all
type 1 peptides were well retained on the column at 0.1 mM
concentration and eluted after 1.2 min (Figure S-3). Thus,
this concentration (0.1 mM or 0.0015%) was selected to

analyze this class of peptides. On the other hand, the most
sensitive charge state for type 2 peptides (G1, Penetratin,
Bac2A, and NLS) reached maximal signal intensity at ap-
proximately 10 μM PFPeA and the signal declined sharply
with increasing PFPeA concentration. Fortunately, even
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Figure 3. Increased PFPeA concentration reduces peptides’ charge state. (a) Effect of PFPeA concentrations on R9 charge
distribution; (b) effect of PFPeA concentrations on TAT charge distribution
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with 10 μM PFPeA, these peptides were well retained on
column and eluted after 0.8 min with excellent peak shape
and consistency (Figure S-3). Therefore, 10 μM or
0.00015% PFPeA was chosen to analyze type 2 peptides.

The low PFPeA concentration required in the mobile phase
to achieve consistent retention for these peptides was unantic-
ipated. Other perfluorinated acids, such as TFA (0.1% or
13.1 mM) and pentafluoropropionic acid (10–50 mM), have
been routinely used as mobile phase additives at much higher
empirical concentrations to improve peptide/protein peak
shapes [33, 34]. When UV is used as a detection method, high
concentration of ion-pairing reagents has no significant effect
on the signal as they are UV transparent. However, when a
similar LC condition is adapted to MS detection, severe ion
suppression is frequently observed which limits its applicabil-
ity, especially when alternative methods, such as HILIC, are
available. Here, we demonstrated that a very low concentration
of PFPeA was sufficient to achieve good retention, peak shape
and sensitivity for these strongly basic peptides. Rather than the
ion suppression observed at high PFPeA concentrations, this
low PFPeA addition allowed elution of the peptides at higher
organic mobile phase composition, thus ensuring good ioniza-
tion and enhanced overall MS signals. Thus, it is important to
optimize the concentration of ion-pairing reagents to achieve
the necessary chromatographic retention and MS sensitivity.
The workflow demonstrated here can be adopted for these
evaluations.

Efficient Sample Extraction by TCA Protein Pre-
cipitation Coupled with SPE

Sample preparation and compound extraction play a crit-
ical role with respect to achieving assay sensitivity and

robustness. Immunoprecipitation using a peptide-specific
antibody would be an ideal approach for enriching the
analyte and eliminating interferences [35]. However, in
the discovery phase, a large variety of different peptides
are encountered and it is cost and time prohibitive to raise
an antibody against each individual candidate. Addition-
ally, immune responses against these small peptides are
not entirely predictable. Therefore, we explored alterna-
tive strategies, such as protein precipitation and solid-
phase extraction (SPE), as more generic and applicable
sample purification approaches. We found that 5% trichlo-
roacetic acid (TCA, w/v) can efficiently remove the ma-
jority of plasma/tissue proteins while keeping the strongly
basic peptides in the supernatant. Thus, this was chosen
as the first step in sample cleanup. To eliminate the
potential effect of TCA on column performance, we then
evaluated weak cation exchange mixed mode SPE (WCX)
and hydrophilic-lipophilic balanced (HLB) SPE μElution
plates to remove TCA from the supernatant. It appeared
that HLB performed slightly better than WCX, and the
overall recovery of compounds spiked in plasma after
HLB for R9, TAT, G2, FHV, HIV-1, HTLV, and NLS
was 58%, 67%, 48%, 55%, 32%, 53% and 44%, respec-
tively. A similar recovery from different types of tissues
was also observed. Consequently, 5% TCA protein pre-
cipitation coupled with HLB SPE was chosen as the final
sample preparation method and G1 was used as the inter-
nal standard (IS).

Penetratin and Bac2A from the type 2 peptides are more
hydrophobic compared with the others. Recovery of these two
after TCA precipitation was low (< 10%) and an alternative
extraction method was developed for this type of peptides
which will be reported separately.
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Figure 4. Effect of PFPeA concentration on MRM sensitivity of the two most prominent charge states as indicated on each panel.
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Method Performance

The overall assay performance was qualified for the purpose of
discovery screening. For most peptides, a sensitivity of 1 ng/ml
could be reached from 50 μl plasma (Table 2, S-3 and Figure S-
4). All standard curves demonstrated acceptable accuracy (<
20%) and precision (< 20%) (Table 2 and Table S-3) with
acceptable peaks at lower limit of quantitation (LLOQ)
(Figure S-4). If the intended application is for GLP or clinical
studies, a full validation following the ICH guidance (https://
www.ich.org/fileadmin/Public_Web_Site/ICH_Products/
Guidelines/Multidisciplinary/M10/M10EWG_Step2_
DraftGuideline_2019_0226.pdf) should be completed and this
work could be the foundation for more thorough validations to
align with the additional regulation requirements.

Basic compounds are notoriously sticky and generally ex-
hibit high carryover during analysis. To eliminate column
carryover, two extra on-column wash cycles were added to
the LC gradient (refer to “Method” section). In other words,
after analyte elution, flushing the column with two rapid gra-
dients of a low to high percentage of mobile phase B within a
run allowed efficient removal of column carryover. Even with
these extra wash cycles, the total run time was still less than
4min to ensure reasonable throughput. Carryover for TAT, G2,
HIV-1, HTLV, and NLSwas less than 0.05% and carryover for
R9 and FHVwas less than 0.5%. Occasionally, carryover could
come from the specific autosampler system used; we found
adding lowmMof PFPeA to the wash solvents helped decrease
the autosampler carryover. Since the PFPeA concentration
used in the mobile phases was particularly low, no apparent

Figure 5. Plasma stability of selected peptides. The time points are 0, 5, 15, 30, 60, 135, 285, and 390min. Error bar represents the
standard deviation from experiments conducted in triplicate

Table 2. Standard Curve Precision and Accuracy (n = 5). Accuracy Is Expressed as [(Mean Observed Concentration) / (Nominal Concentration)] × 100 (%). CV Is
Coefficient of Variation of Back Calculated Concentration. Among the Five Replicates, theMinimal R-squared (R2) After Standard Curve Linear Regression Is 0.991,
0.992, 0.991, and 0.981 for R9, TAT, HTLV, and NLS, respectively

R9 TAT HTLV NLS

Standard (ng/ml) Accuracy (%) %CV Accuracy (%) %CV Accuracy (%) %CV Accuracy (%) %CV

1.00 – – 102 7.18 102 7.11 98.8 8.25
2.00 104 5.29 99.4 10.8 99.8 14.7 100 7.83
5.00 92.5 14.0 101 7.09 87.4 13.9 110 9.57
10.0 97.2 8.98 88.3 4.62 100 2.27 86.3 12.8
50.0 92.8 4.44 110 8.57 101 4.07 86.4 8.07
200 93.4 5.24 106 5.80 98.6 5.78 88.7 7.24
500 99.6 5.13 104 2.51 101 5.00 97.4 5.04
1000 101 2.86 99.3 3.36 103 2.97 108 3.99
2000 119 4.17 91.0 2.14 101 2.61 119 5.11
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MS performance deterioration was observed after prolonged
routine use.

Evaluating Plasma Stability of Selected CPPs/AMPs

In order for CPPs/AMPs to reach and enter the target cells either
as a drug delivery vehicle or as a therapeutic agent, they must
show adequate exposure in the systemic circulation. Most tech-
niques used to detect these peptides rely on fluorophore conju-
gation or other labeling methods and are not able to distinguish
between intact labeled molecules and their degradation products
which can complicate the interpretation of results [36].

To demonstrate the feasibility of our established quantitation
method, we first applied it to evaluate the plasma stability of
selected CPPs/AMPs. Results for R9, TAT, NLS, and G1 in
both EDTA plasma and heparin plasma are shown in Figure 5.
The peptide R9 was relatively stable in EDTA plasma while
80% was degraded in heparin plasma within 5 min. No clear
stability difference in the two types of plasma was observed for
TAT as well as NLS; however, TAT was reasonably stable with
an apparent half-life of more than 6 h while NLS degraded
quickly with an approximate half-life of 10 min in either EDTA
or heparin plasma. The G1 peptide was less susceptible to
protease activity in EDTA plasma compared with heparin plas-
ma with an estimated half-life of 51 and 3.7 min, respectively.

EDTA and heparin are two frequently used anticoagulants.
EDTA is also an effective pleotropic metalloprotease inhibitor.
Heparin resembles the highly negatively charged glycosami-
noglycans found on cell surface proteoglycans, which is be-
lieved to provide binding sites for certain CPPs/AMPs for
endocytosis [37]. Even though the selected CPPs/AMPs are

all highly basic, their degradation pathways are clearly distinct
from each other, and plasma collection method (EDTA or
heparin) may dramatically affect their stability post sample
collection. EDTA can completely inhibit the enzymes that
degrade R9 and slow down the degradation of G1, but almost
has no inhibitory effect on the TAT and NLS protease(s). The
highly negative charged heparin added in plasma may interact
with the positively charged peptides and potentially stabilize
the peptides. The result shown in Figure 5 does not support this
hypothesis and heparin does not have any influence on the
stability of the four peptides compared with EDTA. Either the
peptides do not bind to heparin or the binding is weak provid-
ing negligible stabilization effect.

Different strategies have been reported to improve peptide
stability, including using more stable D enantiomers or non-
natural amino acids [38], backbone cyclization or stapling [39],
or stabilization through β- or γ-peptoids [40]. Compared with
other fluorescence-based techniques, our method can provide a
direct measurement of the intact peptides and help with peptide
stability screening and structure optimization without requiring
labeling steps.

PK and Tissue Distribution of TAT

Considering the relative stability of TAT in rat plasma, we
further applied the method to examine its plasma pharmacoki-
netics after IV administration. The time-dependent concentra-
tion curve is shown in Figure 6. The assay LLOQ at 1 ng/ml
allowed us to capture the elimination phase appropriately. TAT
showed a relatively fast plasma clearance of 19 ml/min/kg and
small volume of distribution (Vdss) of 0.78 L/kg. The terminal

Table 3. Tissue Distribution of the Intact TAT Peptide 30 min After IV Administration. Data Represents Average Concentration ± Standard Deviation from Three
Animals. Tissue Molar Concentration Was Calculated Assuming Tissue Density of 1 g/ml

Concentration Tissue

Liver Heart Kidney Spleen Muscle Brain Plasma

mg/kg (μM) 1.7 ± 0.3
(1.0 ± 0.2)

2.7 ± 1.2
(1.6 ± 0.7)

0.06 ± 0.01
(0.04 ± 0.01)

0.16 ± 0.07
(0.09 ± 0.04)

0.46 ± 0.12
(0.27 ± 0.07)

0.03 ± 0.02
(0.02 ± 0.01)

-
(3.4 ± 0.3)

AUC
(0- )

5.1 µM*Hours

Cl 19 ml/min/kg

Vd
ss

0.78 L/kg

MRT 0.67 Hour

t½ 1.5 Hour

Figure 6. Plasma pharmacokinetic profile of TAT following an IV bolus administration at 10 mg/kg in rat. Data represents mean
concentration with standard deviation (n = 3)
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half-life was determined to be 1.5 h with a mean resonance time
(MRT) of 0.67 h. To evaluate its biodistribution after systemic
administration, liver, heart, spleen, kidney, muscle, and brain
were dissected 30 min post-dosing. Exposure of the intact TAT
peptide was determined and summarized in Table 3. A broad
tissue distribution was observed with liver and heart having the
most exposure representing 44% of the dose. An encouraging
observation is that a detectable level of TAT was also observed
in the brain, even though the overall brain concentration rep-
resents only 0.6% of plasma exposure.

Previously, TAT tissue distribution was assessed using a
heavy metal conjugated version where most of the tissue uptake
was found in the liver and kidney based on the amount of
radioactivity accumulated [23]. Since it is not clear to which
degree the distribution of radioactivity reflects the characteristics
of the intact peptide or metabolites, an explicit data explanation is
difficult. Our LC-MS–based native peptide analysis enabled us
for the first time to directly quantify intact TAT from biological
matrices and evaluate its pharmacokinetics and biodistribution.

Conclusions
Substantial efforts are being directed toward understanding the
mechanism of cell entry for CPPs/AMPs and exploring their
potential application in the cancer drug delivery, disease diagnosis,
and treatment. Considering a large portion of CPPs/AMPs are
highly positively charged and hydrophilic, we developed and
optimized a generic LC-MS/MSmethod using PFPeA as amobile
phasemodifier to address the challenges associatedwith analyzing
extremely basic peptides. The low concentration of PFPeA used in
the LC system offers excellent peptide retention and overcomes
the common drawbacks of ion suppression and instrument con-
tamination. The sample preparation by SPE provides reasonable
compound recovery, and is generic and high throughput. The
overall method is accurate and precise. It allows us to screen the
plasma stability of these highly cationic peptides or their deriva-
tives. It also allows us to evaluate their PK profiles and
biodistribution of the parent drug. Finally, the presented method
provides a foundation for the field to quantitatively understand
compound biodistribution and establish PK/PD relationships.
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