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Abstract.Calibrants based on synthetic dendrimers have been recently proposed as
a versatile alternative to peptides and proteins for both MALDI and ESI mass
spectrometry calibration. Because of their modular synthetic platform, dendrimer
calibrants are particularly amenable to tailoring for specific applications. Utilizing this
versatility, a set of dendrimers has been designed as an internal calibrant with a
tailored mass defect to differentiate them from the majority of natural peptide
analytes. This was achieved by incorporating a tris-iodinated aromatic core as an
initiator for the dendrimer synthesis, thereby affording multiple calibration points (m/z
range 600–2300) with an optimized mass-defect offset relative to all peptides com-
posed of the 20 most common proteinogenic amino acids.
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Introduction

Matrix-assisted laser desorption ionization (MALDI) [1]
and electrospray ionization (ESI) [2, 3] MS were devel-

oped as soft ionization techniques suitable for very large mo-
lecular weight ions. These two ionization techniques in com-
bination with time-of-flight (TOF) mass analyzers have pro-
vided a means of characterizing analytes with a molecular
weight as high as one million [4]. Because TOF instruments
use the flight time of a given analyte from ion extraction at the
source to ion impact at the detector to determine m/z, any
alteration to the ionization conditions or acquisition parameters
can affect the observed time of flight, and therefore the deter-
mined m/z. As a result, precise and regular calibration is re-
quired to provide highly accurate mass values.

Current calibrants for TOF MS systems include peptides,
proteins, ion clusters [5–10], and polydisperse synthetic poly-
mers [11, 12]. Although peptides and proteins have been fre-
quently used for MS calibration, they are susceptible to modifi-
cations including deamidation [13], methionine oxidation [14],
disulfide bridge formation/scission [15], and post-translational

modifications, which can cause signal broadening or misidenti-
fication, in addition to ambiguity as to their true mass [16].
Furthermore, their inherent instability toward these reactions,
as well as proteases and chemical degradation, requires expen-
sive purification and results in limited shelf-lives even when
refrigerated [17]. Many synthetic polymers and nanocluster
formulations have been proposed that overcome the concerns
with cost and shelf-life; however, when used for internal calibra-
tion, their multiplicity of signals increases the likelihood of signal
overlap with a potential analyte. Furthermore, if the spacing
within the peak distribution is relatively narrow, specific calibra-
tion points are more likely to be misidentified (as one repeating
unit greater or less), skewing the calibration curve [18]. Recently,
polyester-based dendrimers have been proposed as an attractive
alternative for both MALDI and ESI MS calibration because of
their efficient synthesis, high purity, broad molecular mass range,
and truemonodispersity [19–21]. Additional practical advantages,
such as broad compatibility with MALDI matrices and extended
shelf-lives, have led to their commercialization.

With the growing potential of mass spectrometry for the
rapid screening of peptides and proteins, the use of internal
calibrants is particularly appealing for maximizing mass accu-
racy and thereby improving the success of peptide identifica-
tion. However, most biological and synthetic macromolecular
calibrants consist predominately of H, C, N, and O, which all
exhibit a mass defect that is either positive or negligibly neg-
ative. As a result, these calibrants exhibit a similar positive
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mass defect to those expected for biological analytes, increas-
ing the likelihood that the analyte signal might be obscured,
shifted, or misidentified because of a nearby or overlapping
calibrant signal. An ideal internal calibrant set would have a
mass defect [22] signature that clearly differentiates it from the
majority of peptide analytes across the entire mass range of
interest. While mass-defect labeling has been explored to tag
peptide analytes, [23, 24] the concept of incorporating a mass
defect label into a calibrant has only been demonstrated to date
by the inclusion of multiple fluorine atoms into the mass
standards [25]. However, while the negative mass defect of
multiple fluorine atoms can provide contrast relative to the
positive mass defect observed in most synthetic or biological
polymers, a significant number of fluorine atoms (nearly 40)
would be required to maximize the mass-defect offset relative
to common analytes. An attractive alternative is the incorpora-
tion of iodine, which exhibits a much larger negative mass
defect, [26] nearly 60 times greater per atom than F. In order
to design calibrants with an optimized mass defect, the mass-
defect distributions among all peptides (composed of the 20
most common proteinogenic amino acids) were first calculated,
and this data set was used to identify tris-iodinated cores as the
ideal initiating groups for the synthesis of dendrimer-based
mass-defect calibrants.

Three specific goals are addressed in this study: (1) a com-
putational analysis of the statistical distribution of peptides to
identify the most effective calibrant targets, (2) the design and
synthesis of a series of mass defect-tuned dendrimer calibrants,
and (3) the assessment of the tris-iodinated dendrimers as
internal calibrants for MALDI-TOF and ESI MS analysis.

Experimental and Methods
Materials

All reagents including 2,4,6- t r i iodophenol , 2 ,2-
bis(hydroxymethyl)propionic acid (bis-MPA), 2,2-
dimethoxypropane, polyethylene glycol (PEG) 750 Mn, pro-
pargyl bromide, p-toluenesulfonic acid monohydrate (p-
TsOH), 4-(dimethylamino)pyridine (DMAP), palladium on
carbon 10% wt. loading (Pd/C), and Celite as well as matrices
and salts: trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
p r o p e n y l i d e n e ] m a l o n o n i t r i l e ( DCTB ) , 1 , 8 -
dihydroxyanthracen-9(10H)-one (dithranol, DIT), α-cyano-4-
hydroxycinnamic acid (CHCA), sodium trifluoroacetate,
trifluoroacetic acid, sodium bicarbonate (NaHCO3), sodium
hydrogen sulfate (NaHSO4), and sodium chloride (NaCl) were
obtained from Sigma Aldrich (St. Louis, MO, USA) and used
without further purification. Sodium hydride (NaH) was also
obtained from Sigma Aldrich as a suspension in oil. This
reagent was rinsed with hexanes and the solvent was decanted
off. This washing was repeated six times and the NaH was
dried prior to use. Solvents, including acetone, acetonitrile,
dichloromethane (DCM), ethanol (EtOH), methanol (MeOH),
tetrahydrofuran (THF), hexanes, and glacial sulfuric acid
(H2SO4), were obtained as reagent grade from Fisher Scientific

(Fair Lawn, NJ, USA) and used as received. Dowex acid resin
(50Wx4, 200-400 mesh, Acros Organics) was reactivated with
1M H2SO4 (250 mL) and then washed with 60 mL each of
EtOH, THF, acetone, DCM, and hexanes to remove small
molecular weight impurities, and the resulting light yellow
colored solid was collected and dried on high vacuum over-
night. Deionized water was purified in-house with an Elga
PureLab Prima system (ELGA, Wycombe, UK). Graphite
matrix was used as is from a Ticonderoga # 2 pencil. A sample
of trypsin-digested BSA (CAM-modified) was acquired from
New England Biolabs (Ipswich, MA, USA).

Experimental Methods

Mass spectra were obtained on a Bruker Autoflex III MALDI-
TOF MS (Bruker Daltonics, Billerica, MA, USA) using 1 kHz
smartbeam II Nd:YAG laser. Data were acquired in reflector-
positive ion mode, with pulsed ion extraction (20 ns) from
a stainless steel target plate (MTB 384) purchased from Bruker
(Billerica, MA, USA). Bruker Daltonics FlexControl 3.0 soft-
ware was used for data acquisition, and data analysis was
carried out utilizing Bruker Daltonics FlexAnalysis 3.0 soft-
ware. Samples were prepared from stock solutions of analytes,
namely, the tris-iodinated calibrants, dipropargyl PEG, and
SpheriCal calibrants (2 mgmL–1). Additionally, stock solutions
of matrices, DCTB, DIT, CHCA (10 mg mL-1), and the cation
source, sodium trifluoroacetate (1 mg mL–1), were prepared in
THF. The stock solution of endomorphin I (2 mg mL–1) was
prepared in 50/50 deionized water/acetonitrile. Sample solu-
tions were then prepared by mixing 10 μL of matrix solution, 5
μL of analyte, and 5 μL of the cation stock solutions, and 3 μL
of the resulting solution was plated via dried-droplet method.
Alternatively, the two-layer method was utilized for graphite
matrix with graphite first being scribed onto the target spot
followed by addition of 3 μL of a 1:1 analyte:salt solution
prepared by mixing 5 μL of both analyte and cation stock
solutions. BSA digest samples were prepared as recommended
by NEB protocol, and the calibrant sample (1 μL) added
directly to this for internal calibration, with no additional sodi-
um. Data were collected using approximately 5000–10,000
laser shots under the following acquisition parameters: ion
source 1: 19.0 kV; ion source 2: 16.55 kV; lens: 8.50 kV,
reflector 1: 21.0 kV, reflector 2: 9.64 kV; detector: 2.0 kV,
and a lowmass gauge at 300m/z. The laser power was set to the
minimum value that would yield high resolution spectra. The
initial mass scale for the MALDI-TOF MS analysis was cali-
brated using SpheriCal mass standards (Polymer Factory, Swe-
den) prepared via the dried-droplet method using identical
concentrations and ratios as above.

ESI analysis was performed on a Bruker MicrOTOF II MS,
utilizing micrOTOFControl 3.0 and DataAnalysis 4.0 software
for data acquisition and analysis, respectively. Samples were
prepared in micromolar solutions of acetonitrile for the
acetonide protected dendrimers and methanol for the poly-
hydroxyl dendrimers. The BSA digest sample was prepared
according to the supplied protocol and then doped with an
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equal volume of the 0.1–1.0 μM G1-G3 calibrant mixture.
Spectra were obtained via direct injection at 0.01 mL min–1,
end plate offset: –500 V; capillary: 2800 V; nebulizer: 0.3 Bar;
dry gas: 4.0 L min–1; dry gas temp: 180 °C; capillary exit: 90.0
V; skimmer 1: 30.0 V; hexapole 1: 23.0 V; hexapole rfRF:
400.0 Vp-p; skimmer 2: 22.0 V; lens 1 transfer: 72.0 μs; and
lens 1 pre-pulse storage: 5.0 μs.

To further confirm the structure of the synthetic calibrants,
NMR data were acquired on a 400 MHz Varian Mercury
spectrometer (Palo Alto, CA, USA) or a 300 MHz Bruker
Avance III spectrometer (Billerica, MA, USA). The residual
solvent signals were used as the reference for both. NMR spectra
were obtained in chloroform-d (CDCl3) and methanol-d4
(CD3OD), purchased from Cambridge Isotope Laboratories
(Andover, MA, USA), for the acetonide-protected dendrimers
and the deprotected hydroxylated dendrimers, respectively. Gel
permeation chromotography (GPC) was carried out on aWaters
model 1515 series pump, equipped with a Waters model 2707
autosampler and fitted with a Waters model 2487 differential
refractometer detector (Milford, MA, USA). Sample analysis
was performed with a THFmobile phase (1 mLmin–1 flow rate)
utilizing a series of two columns from Polymer Standard Ser-
vices, (Mainz, Germany) (1) guard column (50 mm), (1) ana-
lytical linear M (3 μm, 8 × 300 mm) and (1) analytical 100 Å (3
μm, 8 × 300 mm) calibrated with polystyrene standards for all
generations of the protected dendrimers. Deprotected
dendrimers were not analyzed by GPC because of limited sol-
ubility in the THF mobile phase resulting from their high hy-
droxyl content.

Synthesis of the acetonide protected monomer was carried
out as previously reported by Ihre, et al [27, 28].
Dendronization was carried out with the acetonide anhydride
1, with DMAP catalyst using triiodophenol as the dendrimer
core, per literature [29, 30]. The subsequent acid-catalyzed
removal of the acetonide protecting groups was carried out
using Dowex acidic resin in methanol at 40 °C under reduced
pressure (556 mbar). Full synthetic details can be found in the
Supporting Information.

Computational Investigations

In order to optimize the design for a set of mass-defect
calibrants, the population of all possible peptides (MW 0-
2400) was computed and the population graphed with respect
to the integer mass and non-integer mass. For this discussion, it
is important to first clarify the definitions of Binteger mass^ and
Bnon-integer mass^. Integer mass corresponds to the whole
number portion of a compound’s molecular mass, regardless
of the contribution of mass defect, whereas non-integer mass
corresponds to the remainder of the mass (always <1.00 u). For
example, the monoisotopic mass of the peptide (Leu)8(Lys)5
(C78H150N18O14) is 1563.1579 where 1563 is the integer mass
and 0.1579 is the non-integer mass (Figure 1). These mass
definitions are in contrast with the more frequently used terms
Bnominal mass^ and Bmass defect.^ Nominal mass of a mole-
cule corresponds to the sum of the nominal masses of each of a

compound’s constituent atoms, whereas mass defect of a com-
pound represents the difference between its monoisotopic mass
and its nominal mass, which is also the sum of the mass defects
of each of the compound’s constituent atoms. Using the same
example as above, the nominal mass of the peptide
(Leu)8(Lys)5 is 1562, which corresponds to the sum of the
nominal atomic masses (78 × 12) + (150 × 1) + (18 × 14) +
(14 × 16) = 1562. Likewise, the mass defect of the 13-mer
peptide is the sum of the atomic mass defects (78 × 0.00000) +
(150 × 0.007825) + (18 × 0.003074) + (14 × –0.005085) =
1.1579. In this case, the 1 u difference between nominal mass
and integer mass is the result of a mass defect greater than 1.
This is in contrast to the cysteine 15-mer (C45H77N15O16S15)
(Figure 1), the integer mass and nominal mass of which are
both 1563, owing to a mass defect less than 1 (45 × 0.00000) +
(77 × 0.007825) + (15 × 0.003074) + (16 × –0.005085) + (15 ×
–0.027929) = 0.14833). It is important to distinguish this
difference when designing a mass defect-tuned calibrant be-
cause the ideal mass targets should be designed based on the
distribution of non-integer masses relative to integer masses,
rather than the distribution of mass defects relative to nominal
masses. The former are important when analyzing unknowns
because they are the masses that are observed empirically,
whereas the latter can only be determined if the atomic com-
position of the compound in question is known. The use of

Figure 1. Comparison of nominal mass and integer mass for
two representative peptides
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integer and non-integer mass becomes more important at
higher mass ranges where molecular mass defects greater than
1 are increasingly common, and the ramifications for mass
defect-tuned calibrants will be explored in more detail below.

In Figure 2a and b, the integer mass of each possible peptide
is measured on the x-axis, its corresponding non-integer mass
is measured on the y-axis, and the z-axis represents the popu-
lation of peptides with that specific mass (the population values

calculated for 0.01 u widths in the non-integer mass for each
integer mass). Figure 2c–f represent cross-sections of the 3-D
graph at given integer masses. It should be noted that these
initial population calculations were determined assuming an
unbiased statistical incorporation of the 20 most common
proteinogenic amino acids residues, rather than the actual fre-
quency of occurrence, and without taking into consideration
the effect of post-translational modifications.

Figure 2. (a) 2-D overview of peptide population highlighting the most populous non-integer masses with respect to each integer
mass (averagine ridge) and the least populous non-integer masses (scarcine valley); (b) 3-D oblique view of the same data set, with
an overlay of the mass-defect-tuned calibrant compounds and their trend line along the scarcine valley (mass-defect-tuned
dendrimer monoisotopic masses given as sodium adducts). Note: the x-axis (non-integer mass) has been duplicated to yield a
width of 2.0 u in order to aid in visualization of the topology of the data set; (c)-(f) cross-sections of the 3-D graph at the integer
masses of each of the dendrimer calibrants. Note: each cross-section’s non-integer mass scale is inverted with respect to the 3-D
graph
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When examining the shape of the peptide population graph
(Figure 2a and b), it is observed that no peptides are identified
at masses below 132 u (the integer mass of diglycine), as
expected. For an integer mass of 610 u the data set shows a
relatively narrow 0.27 u range of possible non-integer masses
(from 0.15 to 0.42 u) (Figure 2c). This leaves a large
Bunoccupied^ window of non-integer masses for which there
are no peptides with this particular integer mass (i.e., 610).
With increasing integer masses, the non-integer mass range that
is populated with peptides broadens because of the larger
number of amino acids per peptide and the variation of the
relative mass defect from one amino acid to another. To help
visualize the origin of this non-integer mass broadening, the
homopolymers of each amino acid have been graphed in a 2-D
plot of integer mass versus non-integer mass (Supplementary
Figure S1). For example, leucine and isoleucine (131.09463)
and lysine (146.10553) exhibit the largest mass defect per
nominal mass (7.224 × 10–4 and 7.228 × 10-4 mass defect/
nominal mass, respectively), whereas cysteine, due to its sulfur
content, exhibits the lowest mass defect per nominal mass
(1.632 × 10–4 mass defect/nominal mass). As a result, at integer
masses of 1307 u, the populated non-integer masses range
increases to be 0.78 u wide, from 0.18 to 0.96 u (Figure 2e),
leaving a much narrower unoccupied window where no pep-
tides exhibit that combination of integer and non-integer
masses. Finally, above 1500 u, the width of the populated
non-integer masses occupies the entire range from 0.00 to
0.99 u because the signals of the peptides in this range with
the lowest possible mass defect (e.g., the 15-mer of
polycysteine, (Cys)15, with and integer mass of 1563 and a
mass defect of 0.148) begin to overlap with the peptides with
the highest mass defect from one integer mass below (e.g.,
(Leu)8(Lys)5 with an integer mass of 1562, but a mass defect of
1.1579. If the peptide population is graphed on a continuous 2-
D plot, relative to the monoisotopic mass, the regions populat-
ed with peptides will generate a sawtooth pattern with each
tooth spaced ~1 u apart. Segments of this sawtooth graph are

depicted in Figure 2c–f. At low masses (Figure 2c) there is an
appreciable unpopulated region between teeth. However, at
higher masses (above integer masses of 1500) these unpopulated
regions narrow until the teeth merge because there are no longer
non-integermasses that are unoccupied by peptides. Figure 2a and
b are the full data set for integer masses 0–2400 in a 3-D graph
where Figure 2c–f represent the cross-sections of this 3-D graph at
particular integer masses. Although the range of the mass defect
should only be 0.00–0.99, this 3-D data set (Figure 2a and b) is
graphically repeated once, in order to better visualize the topo-
graphical features that cross over graph’s boundary.

When further examining the shape of the peptide population
topology, a number of important trends are observed. First, while
O and S exhibit slightly negative mass defects, their contribution
is minor relative to the mass defect of H, C, and N; and therefore,
the peptide population exhibits a trend of an increasing non-
integer mass with respect to increasing integer mass. The quan-
tification of this slightly positive average mass defect in a statis-
tical population of peptides has been described previously [31].
This concept was refined by Senko et al., and the term
Baveragine^ was coined to describe the Baverage^ amino acid
residue based on the observed ratio of amino acids, yielding the
molecular formula of C4.9384H7.7583N1.3577O1.4773S0.0417 and a
monoisotopic mass of 111.0543 u [32]. It is important to note
that this more commonly used averagine value was calculated
based on the frequency of occurrence for each amino acid
residue by the Protein Identification Resource Database. There-
fore, this definition of averagine should be considered a variable,
dependent upon the database used.

For our initial computational investigation, a Bdatabase
independent^ analysis was carried out based on an equal likeli-
hood for each amino acid residue to occur within the population
of peptides. Thus the older averagine calculation, based on an
unbiased Buniform distribution^ of amino acids [31] is more
appropriate for this data set and for clarity will be named
a v e r a g i n e u d . T h e f o rmu l a f o r a v e r a g i n e u d i s
C5.35H7.85N1.45O1.45S0.10, which corresponds to a monoisotopic

Table 1. Mass defect for common non-metals

Element Isotope Isotopic abundance
(%)

Monoisotopic mass
(u)

Mass defect
(u)

Mass defect
per u (×10–6)

Hydrogen 1H 99.9885 1.00783 0.00783 7770
2H 0.0115 2.0141 0.0141 700

Carbon 12C 98.93 12 0 0
13C 1.07 13.00335 0.00335 258

Nitrogen 14N 99.632 14.00307 0.00307 219
15N 0.368 15.00011 0.00011 7.3

Oxygen 16O 99.757 15.99491 –0.00509 –318
17O 0.038 16.99913 –0.00087 –51.2
18O 0.205 17.99916 –0.00084 –467

Fluorine 19F 100 18.9984 –0.0016 –84.2
Chlorine 35Cl 75.787 34.96885 –0.03115 –891

37Cl 24.22 36.96885 –0.03419 –925
Bromine 79Br 50.69 78.91834 –0.08166 –1035

81Br 49.31 80.90585 –0.08371 –1035
Iodine 127I 100 126.90447 –0.0955 –753
Averagineud 118.8057 0.0557 469
C5.35 H7.85 N1.45 O1.45 S0.10
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mass of 118.80572. When defining the mass defect with respect
to the nominal mass, it is also important to note that the mono-
isotopic mass of averagineud has a nominal mass component of
118.75000, which is not a whole number (a consequence of the
non-whole number molecular formula), and a mass-defect com-
ponent of 0.05572.While the ratio of these two values defines the
averagineud trend in a 2-D graph of mass defect versus nominal
mass (with a slope of 4.691 × 10–4), in the 3-D topology this same
concept is observed as the Baveragine ridge^: the maximum
population of peptides for each non-integer mass, relative to its
integer mass.

In contrast to this topological maxima represented by the
averagine ridge, for each integer mass there are either
completely unpopulated non-integer mass regions (in the mass
range below ~1500 u), or a minimally populated Bvalley^ (for

masses above ~1500 u). For the sake of discussion, this region
will be termed the Bscarcine valley^ and represents the ideal
target region for mass defect-labeled calibrants in order to
minimize the potential of signal overlap with natural peptide
analytes. It is also useful to note that the least populated
Bscarcineud^ trend line should exhibit a mass-defect offset of
~0.5 u, with respect to the averagineud trend line, but exhibiting
the same slope of 4.691 × 10-4 (non-integer mass versus integer
mass). Finally, when examining the peptide population data
(Figure 2) it is important to reiterate that for the purpose of
designing mass standards with monoisotopic masses that are
not too close to those of any peptide analyte, integer and non-
integer masses are the only appropriate means to analyze the
peptide population data sets because once the mass defect for a
given compound has increased to exactly 1 u, it is indistin-
guishable experimentally from a compound with no mass
defect but 1 additional unit of nominal mass.

Finally, this data set also clarifies an important limitation of
mass defect-tuned calibrants. A comparison of the maximum
population of peptides (averagine) and the minimum popula-
tion of peptides (scarcine) for various integer masses shows
that this ratio decreases rapidly with increasing molecular
weight. As detailed in Supplementary Table S1, while the
peptide population for the integer mass of 2000 u varies by 9
orders of magnitude depending upon the non-integer mass,
above 8000 u this variation is reduced to less than 2 orders of
magnitude. Therefore, mass defect-tuned calibrants are most
useful for the identification of single peptides or the peptide
fragments of proteins, and increasingly relevant in the lower
mass ranges (600–2300), which corresponds to the typical
mass range of protein digests.

Mass-Defect Calibrant Design

The versatility of the polyester dendrimer synthesis makes it
particularly amenable to preparing mass defect-tuned
calibrants. Because the selected dendritic repeat units con-
sist of C, H, and O in similar ratios (C5H8O3) as averagine,
their ratio of mass defect with respect to nominal mass is
sufficiently close to that of averagine to minimize deviation
in the slope (mass defect/nominal mass) across the mass
range of interest (<2400). However, a core molecule must
be identified that provides an appropriate non-integer mass
offset relative to the peptide population, i.e., falls near the
scarcine trend line. Therefore, such a core must include
multiple atoms that exhibit a significant negative mass
defect. Although many high mass elements exhibit a desir-
ably negative mass defect, it is advantageous to focus on
monoisotopic elements to maintain a narrow isotopic distri-
bution. The halogens are particularly useful to consider
because they can also be easily incorporated into organic
compounds via replacement of a C–H bond with a C–X
bond (where X = halogen). Although halogens have been
explored as mass-defect labels, bromine, [33, 34] which has
been utilized most frequently, [35, 36] is complicated by
two stable isotopes, 79Br and 81Br, and therefore can cause
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Figure 3. The mass defect of halogenated alcohols was
graphed with respect to their nominal mass for a range of
potential cores: F3) trifluoroethanol, F7) heptafluorobutanol,
F15) pentadecafluorooctanol, I1) 4-iodophenol, I2) 2,4-
diiodophenol, I3) 2,4,6-triiodophenol
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undesirable isotopic broadening when multiple bromines
are introduced. Fluorine, on the other hand, is monoisoto-
pic, but exhibits a relatively small mass defect (–0.00160 u)
even when considered in proportion to its nominal mass of
19 (–8.42 × 10–5 u mass defect per u nominal mass). Iodine,
however, is monoisotopic and possesses both a much larger
molecular weight (127) and a much larger mass defect per
atomic mass unit (–7.52 × 10–4 u mass defect per u nominal
mass). This combination yields a negative mass defect 59.7
times greater per atom than fluorine (relative mass defects
tabulated in Table 1). However, because organic iodides are
very reactive towards nucleophilic substitution, to ensure
stability of the generated calibrants, iodine is best incorpo-
rated using the relatively stable aryl–iodine bonds. Figure 3
depicts a graph of the mass defect versus nominal mass for a
few common fluorinated and iodinated mono-ol compounds
that could be considered as core candidates from which
dendrimers could be grafted. The incorporation of only
three iodine atoms provides a mass defect of –0.490 u with
respect to the averagineud trend line, near the ideal maxi-
mum value of –0.500 u. Conversely, the incorporation of as
many as 15 fluorine atoms, in the case of perfluorooctanol,
falls significantly short of the desired mass defect (only –
0.193 u relative to averigineud). In fact, it would take 37
fluorine atoms to achieve the optimal mass defect of –0.5,
but would therefore yield calibrants with an integer mass of
950 or greater, (e.g., perfluorononadecanol) limiting accu-
rate calibration below this mass. In addition to the limited
synthetic accessibility of such highly fluorinated com-
pounds, their poor solubility in water and polar solvents
limits their use for the internal calibration of peptides, and
other highly fluorinated compounds (e.g., Ultramark) are
known to be Bsticky,^ exhibiting in-source persistence that
results in carryover from one MS sample run to the next
[37]. Therefore, 2,4,6-triiodophenol was selected as the core

from which a polyester dendrimer would be grafted to
generate a series of mass-defect-tuned calibrants.

Mass-Defect Calibrant Synthesis

The tris-iodinated core polyester dendrimers were prepared
using an analogous synthetic procedure as described by Ihre
et al. [28], and Gillies and Fréchet [30]. Reaction of
triiodophenol with the acid anhydride monomer, 1, resulted in
the target Bfirst generation^ ester product, 2 (Scheme 1), the term
Bgeneration^ referring to the number of synthetic iterations and
therefore the number of layers of dendritic monomers. Acid-
catalyzed hydrolysis of the acetonide protecting group was
carried out selectively to yield the first generation diol, 3, with-
out any evidence for the hydrolysis of the phenolic ester. Rep-
etition of the esterification reaction then yielded the second
generation protected dendrimer, 4, which was again deprotected
in a nearly quantitative fashion to afford the second generation
tetraol, 5. These same steps were repeated to generate the third
generation protected dendrimer, 6, and its deprotected octaol, 7.
An additional iteration yielded the fourth generation protected
dendrimer, 8, and its deprotected hexadecanol, 9.

Evaluation of Mass-Defect Calibrant

The purity of the dendrimers was initially assessed byMALDI-
TOF MS using non-iodinated SpheriCal dendrimers as a
calibrant. The resultant spectra exhibited only a single, well-
resolved signal (Figure 4) corresponding closely to the expect-
ed sodium adducts, and all data were in close agreement with
theoretical values (Table 2). Furthermore, the observed isotopic
distribution for each calibrant was consistent with having a
significant mass fraction of monoisotopic iodine. Most impor-
tantly for use as internal calibrants, the non-integer mass for
each of the tris-iodinated dendrimers was offset by more than
0.40 u relative to the averagine trend line.

1, Anhydride

2, Triiodo[G1](Ac) 3, Triiodo[G1](OH)
2

4, Triiodo[G2](Ac)
2

7, Triiodo[G3](OH)
8

5, Triiodo[G2](OH)
4

9, Triiodo[G4](OH)
16

Triiodo[G0](OH)

Triiodo[G3](Ac)
4

6

Triiodo[G4](Ac)
8

8

Scheme 1. Synthesis of dendrimer by repetitive dendritic growth (i) and deprotection (ii) steps. Conditions: (i) 1 (>1.2 eq per OH),
DMAP (10% wt), DCM, and (ii) Dowex acid resin, MeOH, 556 mbar, 40 °C
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Peptide Characterization with Internal Calibrant

In order to initially evaluate these dendrimers as suitable candi-
dates for internal calibration, peptides or synthetic macromole-
cules were selected that exhibit an ion of nearly identical integer
mass in order to demonstrate the ability to resolve nearly overlap-
ping signals from the analyte and the mass defect-tuned calibrant.
Because the dendrimers did not incorporate amino groups or other
easily protonated functional groups but did readily ionize via

complexation with sodium cations, target analytes were selected
that had nearly identical integer m/z when ionized as the sodiated
dendrimer complexes. Endomorphin I was selected as the first
demonstration because its protonated form (m/z = 611.298) ex-
hibits the same nominalmass (and an adjacent integermass) as the
sodium adduct of first generation tris-iodinated dendrimer (m/z =
610.769). When mixed together with 2,3-dihydroxybenzoic acid
(DHBA) as matrix, the resultant spectrum clearly shows distinct
resolution between the two monoisotopic signals that are separat-
ed by approximately 0.635 u (Figure 5a). The M+1 signal for the
calibrant differed by only 0.402 uwith respect to themonoisotopic
signal of the analyte, yet, as long as the sample conditions and
instrument design enable resolution greater than 1000, this ~0.4 u
non-integer mass offset should enable unambiguous identification
of both the analyte and the calibrant. Furthermore, because the
calibrant exhibits a substantially reduced M+1 isotopic signal
(11.9%), relative to its monoisotopic signal, (compared with
endomorphin with a 36.8% signal intensity for M+1), the identi-
ties of the two isotopic distributions can be easily differentiated as
protein (orange) and tris-iodinated calibrant (blue).

Polymer Characterization with Internal Calibrant

Although the mass defect-tuned calibrants were designed specif-
ically for internal calibration of peptides, most common synthetic
polymers exhibit mass-defect trends similar to peptides, and
therefore this calibrant can be equally useful for the characteriza-
tion of many synthetic polymers. A dipropargyl poly(ethylene
glycol) (PEG) molecule was prepared because the M+1 isotopic
signal for theNa+ adduct of its 27-mer (m/z= 1306.743) exhibits a
mass within 1 u of the Na+ adduct of the third generation tri-iodo
calibrant (m/z = 1307.053). Although the mass defect difference
in this case is only 0.311 u, again the two signals can be clearly
distinguished from each other, and the characteristic isotopic
distribution of the tris-iodinated calibrant (green) enables simple
confirmation of its identity (Figure 5b). The application of these
tris-iodinated calibrants has also been shown to have equal utility
for ESI analysis, again yielding an unambiguously identification
of the G3 calibrant and the analyte, despite having interspersed
isotopic distributions (see Supplementary data Figure S3).

Protein Digest Characterization with Internal
Calibrant

Finally, the set of mass defect-tuned standards was used as an
internal calibrant for a trypsin digest of bovine serum albumin
(BSA) using both MALDI and ESI instruments in order to
highlight this calibrant’s utility when dealing with a mixture
of numerous peptides. As depicted in Figure 6a, the digest
exhibited over 40 identifiable peptide fragments between m/z
500 and 2000, the structures of which were previously reported
[38]. As demonstrated for the PEG example above, the
calibrant signal at 1307.056 (Figure 6b), is clearly resolved
from the peptide fragment at 1305.710 despite the fact that their
isotopic distributions overlap. Again, the mass defect-tuned
calibrant exhibits a much higher M/M+1 signal ratio, a conse-
quence of three heavymonoisotopic iodine atoms. This enables

Figure 4. MALDI-TOF spectra for the isolated G1, G2, G3, and
G4 tris-iodinated calibrants with inset to highlight the isotopic
distribution for the (a) acetonide protected and (b) deprotected
hydroxylated dendrimers
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unambiguous identification of the calibrant signal relative to
the analyte signal, in the case their overlapping signals might
otherwise complicate their correct assignments.

Furthermore, when all of the peptide fragments are plotted
with respect to their integer and non-integer masses, the

contrast between traditional calibrants (Figure 6c) and the mass
defect-tuned calibrant (Figure 6d) is clear. In the case of the typical
peptide-based calibrants (gray), these compound masses directly
overlap with the trend of peptide fragments, nearly tracing the
averagine trend line, confirming that these peptides would be poor
internal calibrants because of the likelihood of signal overlapping
with one or more analyte. On the other hand, Ultramark 1621 [39]
(yellow), Agilent tune mix [40] (green), and CsI ion clusters [5]
(pink) all exhibit slopes that differ significantly from the averagine
trend line (Figure 6c). Therefore, a number of these mass stan-
dards, particularly in the m/z = 1500–2100 range, will exhibit
masses that are likely to overlap with peptide analytes in this same
mass range. In stark contrast to these traditional calibrants, the
mass defect-tuned calibration standards exhibit a trend that is
nearly parallel to the averagine trend line, and very close to the
ideal scarcine target, where the minimal number of peptides
would fall (Figure 6d). Furthermore, across the 500–2000 mass
range, each of the calibration compounds exhibits at least a 0.25 u
non-integer mass offset relative to peptide fragments of a similar
mass range, such that a mass spectrometer with resolving power
>10,000 should easily differentiate the calibrants (separated at
FWHM) from the analytes. In addition to the unique mass distri-
butions these dendrimers exhibit, they demonstrate many of the
same features of the previously reported dendrimer mass
calibrants including broad compatibility with a range of solvents
and matrices, as well as multi-year shelf-lives [19].

Conclusion
With the rapid development of mass-spectrometry-based pro-
filing of biomedical samples, internal calibrants that can expe-
dite the accurate identification of peptide disease-biomarkers
are becoming increasingly valuable. By using an internal
calibrant, the mass accuracy for peptide identification can be
optimized, but problems of signal overlap between calibrants
and the range of possible analytes arise. To address the issue of
calibrant/analyte overlap, the population of possible peptide
analytes has been modeled and the least populated non-
integer mass regions across the range of integer masses have
been determined and termed Bscarcine.^ This computationally
determined scarcine trend has been used to identify tris-
iodinated dendrimers as an attractive target for mass defect-

Table 2. Observed monoisotopic masses and calculated monoisotopic masses of all compounds and the observed errors (*all samples ionized with Na+, except
Endomorphin which was ionized via protonation)

Chemical comp. (salt) Calc. (u) MALDI (u) Δ (u) ESI (u) Δ (u)

Triiodo[G1](Ac) C14H15I3O4(Na
+) 650.800 650.809 0.009 650.798 0.002

Triiodo[G2](Ac)2 C27H35I3O10(Na
+) 922.926 922.925 0.001 922.929 0.003

Triiodo[G3](Ac)4 C53H75I3O22(Na
+) 1467.178 1467.177 0.001 1467.182 0.004

Triiodo[G4](Ac)8 C105H155I3O46(Na
+) 2555.682 2555.653 0.029 ––– –––

Triiodo[G1](OH)2 C11H11I3O4(Na
+) 610.769 610.764 0.005 610.768 0.001

Triiodo[G2](OH)4 C21H27I3O10(Na
+) 842.864 842.875 0.011 842.852 0.012

Triiodo[G3](OH)8 C41H59I3O22(Na
+) 1307.053 1307.066 0.013 1307.055 0.002

Triiodo[G4](OH)16 C81H123I3O46(Na
+) 2235.432 2235.407 0.025 ––– –––

Endomorphin I* C34H39N6O5(H
+) 611.298 611.255 0.043 ––– –––

Dipropargyl PEG (27-mer) C60H114O28(Na
+) 1305.739 1305.752 0.013 1305.755 0.016

Figure 5. (a)MALDI-TOF mass spectra for the endomorphin I
as [M + H]+ (top, in orange), tris-iodo [G1](OH)2 as [M + Na]+

(middle, in blue), and their combined spectrum for internal cal-
ibration (bottom). (b) Spectra of dipropargyl PEG (27-mer) as [M
+ Na]+ (top, in purple), tris-iodo [G3](OH)8 as [M + Na]+ (middle,
in green), and their combined spectrum for internal calibration
(bottom)
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tuned calibrants. Furthermore, this peptide population model
enables a quantitative visualization of the need for internal
calibrants. With as many as 1020 possible peptides with an
integer mass of 2000 and a variability of 0.01 u in non-
integer mass, the improved mass accuracy made possible with
internal calibration can substantially reduce the likelihood of
analyte misidentification.

A set of tris-iodinated dendrimer calibrants were synthe-
sized that exhibit an optimal mass defect offset to minimize
calibrant/analyte signal overlap using both MALDI-TOF MS
and ESI MS. Furthermore, this set of calibrants was evaluated
against a trypsin protein digest, confirming this advantage of
mass defect-tuned calibrants even when analyzing complex
mixtures of peptides. In addition, the dendrimers’ iodine-rich
composition yields a unique isotopic distribution that can easily
differentiate the calibrant signals from those of most biological
or synthetic analytes. Because the number of analytes near the

scarcine trend line increases with increasing integer mass, the
utility of mass defect-tuned calibrants is most powerful for
lower molecular weight peptides and protein fragments. How-
ever, in this lower mass range (600–2300), evaluations of the
tris-iodinated dendrimers confirm their unique advantages as
internal calibrants especially when an analyte exhibits an inte-
ger mass close to that of one of the calibrants.
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Figure 6. (a) MALDI-TOF mass spectrum of a BSA peptide digest with the entire calibrant set G1-G4 (red), and (b) inset of
the triiodo [G3]-(OH)8 calibrant (red) and BSA (frag 402-412) (blue). (c) The plot of the BSA digestmixture (blue) relative to peptidemix
calibrants (gray), Ultramark 1621 (yellow), and CsI nanoclusters (pink) in positive mode. (d) The plot of BSA digest mixture relative to
themass defect-tuned dendrimers exhibiting no signal overlap. The peptidemix calibrant includes: bradykinin (frag 1-7), angiotensin
II (human), angiotensin I, P14R, neurotensin, and TCTH (frag 1-17). The BSA digest included peptides that were identified in
Giansanti P. et al. [38]
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