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Abstract:  A multidimensional mass spectrometry (MS) methodology is introduced for the 

molecular level characterization of polymer-peptide (or polymer-protein) copolymers that cannot 

be crystallized or chromatographically purified.  It encompasses electrospray ionization (ESI) or 

matrix-assisted laser desorption ionization (MALDI) coupled with mass analysis, tandem mass 

spectrometry (MS2) and gas-phase separation by ion mobility mass spectrometry (IM-MS).  The 

entire analysis is performed in the mass spectrometer (“top-down” approach) within milliseconds 

and with high sensitivity, as demonstrated for hybrid materials composed of hydrophobic 

poly(tert-butyl acrylate) (PtBA) or hydrophilic poly(acrylic acid) (PAA) blocks tethered to the 

hydrophobic decapeptide VPGVGVPVGVG (VG2) via triazole linkages.  The composition of 

the major products can be rapidly surveyed by MALDI-MS and MS2.  For a more comprehensive 

characterization, the ESI-IM-MS (and MS2) combination is more suitable, as it separates the 

hybrid materials based on their unique charges and shapes from unconjugated polymer and 

partially hydrolyzed products.  Such separation is essential for reducing spectral congestion, 

deconvoluting overlapping compositions and enabling straightforward structural assignments, 

both for the hybrid copolymers as well as the polymer and peptide reactants.  The IM dimension 

also permits the measurement of collision cross-sections (CCSs), which reveal molecular 

architecture.  The MS and MS2 spectra of the mobility separated ions conclusively showed that 

[PtBA–VG2]m and [PAA–VG2]m chains with the expected compositions and sequences were 

formed.  Single and double copolymer blocks (m = 1-2) could be detected.  Further, the CCSs of 

the hybrids, which were prepared via azide/alkyne cycloadditions, confirmed the formation of 

macrocyclic structures.  The top-down methodology described would be particularly useful for 

the detection and identification or peptide/protein-polymer conjugates which are increasingly 

used in biomedical and pharmaceutical applications.  
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Introduction 

A new research area that has been developed in the last few years involves coupling poly(amino 

acid)s or peptides with designed sequences with synthetic polymers to create new materials 

known as polymer-peptide conjugates, hybrid materials or bioactive materials.1,2  Many peptides 

have been approved as drugs because of several useful properties, including their ability to self-

assemble into precisely defined structures and respond to external stimuli.3  Peptide drugs with 

diverse conformations and functionalities can be prepared that show remarkable selectivity and 

specificity in their interactions with their targets.3  Despite such advantages, the use of peptides 

in biomedical research is still limited because of certain adverse physical properties, including 

susceptibility to degradation and sensitivity to temperature, pH and organic solvents.  These 

problems can be overcome by attaching a synthetic polymer to peptides, which helps to control 

their physical and chemical properties, such as viscosity and responsiveness to external stimuli 

(smart behavior).3 

 Peptides have been covalently attached to polymers using the succinimide, Schiff base, 

thiol-maleimide and click chemistry coupling methods.4-6  A widely used click chemistry 

reaction is the azide-alkyne Huisgen cycloaddition, in which terminal azide groups react with 

terminal alkyne groups in the presence of a copper catalyst to produce triazole rings via 1,3-

dipolar cycloaddition.6-11  The advantages of this reaction are high efficiency, high selectivity, 

ease of product purification and compatibility with a wide diversity of functional groups.4,12 

 Many synthetic polymers have been successfully joined to peptides, including 

poly(ethylene glycol),13-21 polystyrene11,22-24 and poly(butyl acrylate).25-28  Meanwhile, synthetic 

polypeptides derived from elastin have been used widely in drug delivery and tissue engineering, 

either by themselves or conjugated with a polymer.29-31 

Page 3 of 44 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



4 
 

 Elastin is a protein that affords flexibility to connective tissues, blood vessels, lungs and 

the skin of vertebrates.32-35  This protein has two alternating domains.  The first domain is rich in 

hydrophobic amino acids (Gly, Ala, Val and Pro) and it is the peptide sequence that endows 

flexibility to the tissues.  The second domain is hydrophilic, enriched with Ala and Lys, and 

makes cross-links to other polypeptide chains with its Lys residues.34,36  The structure of 

genetically engineered elastin-like polypeptides with the sequence (VPGVG)n changes from 

hydrophilic random coil to hydrophobic β-spiral when the temperature is increased because of 

inter- and intramolecular hydrogen bonding interactions.  Changes in (VPGVG)n also affect any 

polymer coupled with it, even with only one repeat unit of the polypeptide.37-39 

 Although peptide-polymer conjugates are a fast growing field, their characterization is 

difficult because their solubility and polydispersity limit the analytical techniques suitable for the 

examination of their structures.6  Literature about the molecular structure characterization of 

hybrid materials is limited.  Peptide-polystyrene conjugates have been analyzed by UV 

spectroscopy, gel permeation chromatography (GPC), proton NMR and matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-ToF-MS).24  Peptide-

poly(ethylene glycol) (PEG) conjugates have been analyzed more widely by a variety of 

methods, including proton NMR,1,40,41 GPC,41 FTIR,41 MALDI-ToF-MS,1,40 Fourier transform 

ion cyclotron resonance mass spectrometry (FTICR-MS)42,43 and electrospray ionization coupled 

with quadrupole/time-of-flight (Q/ToF) ion mobility mass spectrometry (IM-MS).42  Finally the 

self-assembly of peptides conjugated to polyacrylates and polyacrylamides has been investigated 

by NMR,44 GPC,44,45 FTIR,45-48 transmission electron microscopy47,48 as well as electron46 and x-

ray48 diffraction measurements. 
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 In this study, top-down mass spectrometry methods49-57 are introduced as a tool for the 

comprehensive characterization of hybrid materials that are difficult to solubilize, crystallize 

and/or purify, a prerequisite for most spectroscopic methods of analysis.  The experimental 

approach is illustrated for an elastin mimicking hybrid copolymer composed of hydrophilic 

poly(acrylic acid) (PAA) blocks attached to blocks of the hydrophobic peptide VPGVGVPGVG 

(VG2), viz. [PAA–VG2]m, and its synthetic precursor which contained hydrophobic poly(tert-

butyl acrylate) (PtBA) instead of PAA.58  The VG2 peptide and poly(acrylic acid) are also 

characterized individually.  The methods used include MALDI-ToF-MS and MS2 and ESI-

Q/ToF-MS and MS2 coupled with ion mobility separation (IM-MS).59-62  All experiments are 

performed in the mass spectrometer without prior derivatization, digestion or chromatographic 

fractionation, qualifying this approach as a top-down MS methodology.49-57  In addition, 

molecular modeling is employed to simulate the structures and collision cross-sections of the 

peptide-polymer conjugates for comparison with experimental results obtained by IM-MS in 

order to ascertain the architecture (linear vs. cyclic) of the synthesized hybrid materials.  As will 

be documented here, the ion mobility dimension is essential for the structural identification of 

compounds which may exist in isomeric forms that cannot be effectively separated from each 

other or from the corresponding starting materials and/or byproducts. 

 

Experimental 

Materials 

The synthetic pathways to the peptide, polymer and hybrid copolymers examined have been 

reported in detail elsewhere.17,41,58  The alkyne functionalized peptide X(VG2)X, where X = 
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propargyl glycine, was prepared following standard solid phase peptide synthesis protocols, 

yielding a peptide that was acetylated at the N-terminus and amidated at the C-terminus. 

 The PAA sample analyzed was prepared as outlined in Scheme S1.  Briefly, tert-butyl 

acrylate was polymerized by atom transfer radical polymerization (ATRP), using dimethyl 2,6-

dibromoheptanedioate as telechelic initiator, to form poly(tert-butyl acrylate) dibromide.  

Subsequent reaction with sodium azide led to poly(tert-butyl acrylate) diazide (PtBA) which was 

hydrolyzed with trifluoroacetic acid to yield poly(acrylic acid) diazide (PAA). 

 The synthetic route to the hybrid materials examined is shown in Scheme 1.  The 

synthesis of [PtBA–VG2]m and [PAA–VG2]m started with a click chemistry reaction involving 

azide-alkyne Huisgen cycloaddition between the azide groups of PtBA and alkyne groups of 

VG2.  In the presence of copper (I) acetate catalyst, 1,3-dipolar cycloaddition takes place 

between the terminal alkynes and azides to form the hybrid multiblock copolymer [PtBA–VG2]m 

whose tert-butyl esters were  subsequently hydrolyzed with trifluoroacetic acid (TFA) to form 

the hybrid material [PAA–VG2]m (Scheme 1).  Step growth polymerization inevitably gives rise 

to cyclic oligomers, along with the linear counterparts of different molecular mass; the linear and 

cyclic structures of [PAA–VG2]m have the same molecular mass and both could contain one or 

more constituent blocks.  For simplicity, only the linear structures of the hybrid materials were 

drawn in Scheme 1. 

 The reagents and solvents needed for the syntheses and mass spectrometry 

characterizations were purchased from Sigma-Aldrich (St. Louis, MO), VWR (Radnor, PA) or 

Fisher Scientific (Pittsburgh, PA), unless noted otherwise; all were used in the condition 

received. 
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MALDI-MS and MS2 experiments 

MS and MS² experiments were performed on a Bruker UltraFlex III MALDI-ToF/ToF mass 

spectrometer (Bruker Daltonics, Billerica, MA) equipped with a Nd:YAG laser emitting at 355 

nm.  The instrument was operated in positive or negative ion mode.  With each sample, several 

matrices and cationizing salts were examined and those maximizing the signal-to-noise ratio and 

minimizing fragmentation were selected for the experiments described below. 

 The VG2 peptide was analyzed using the sandwich method and α-cyano-4-

hydroxycinnamic acid (CHCA) as matrix.  The CHCA matrix and sodium trifluoroacetate 

(NaTFA) salt were dissolved in THF at 20 mg/mL and 10 mg/mL, respectively, and the peptide 

was dissolved in DMSO at 10 mg/mL.  Matrix and salt solutions were mixed at a volume ratio of 

100:10 and this mixture was used to deposit the bottom and top layers of the sandwich-shaped 

sample analyzed, whereas the peptide solution was deposited as the middle layer.  This sample 

preparation procedure led to the formation of [VG2 + Na]⁺	ions. 

 For poly(acrylic acid) (PAA), CHCA and sinapinic acid (SA) served as matrices in 

positive and negative ion mode, respectively.  Solutions of CHCA in THF and of SA in 

ACN:H2O (70:30, vol%) were prepared at 20 mg/mL.  A solution of NaTFA salt was prepared in 

THF at 10 mg/mL and mixed with the CHCA matrix solution at a volume ratio of 10:1.  The 

polymer (PAA) was dissolved in THF or THF:MeOH (50:50, vol%) at 10 mg/mL.  Matrix/salt 

and sample solutions were applied onto the MALDI target plate by the sandwich method.  This 

sample preparation protocol led to mainly [M + Na]⁺ ions in positive mode and mainly [M - H]‾ 

ions in negative mode. 

 DCTB, viz. {trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyldene] malononitrile, 

was the matrix used for the [PtBA–VG2]m hybrid material in positive ion mode.  THF solutions 
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of the matrix (20 mg/mL) and potassium trifluoroacetate (KTFA) salt (10 mg/mL) were mixed at 

a volume ratio of 10:1 and the resulting mixture was used for the top and bottom layers of the 

sandwich deposition method.  A solution of [PtBA-VG2 m (10 mg/mL) in a 25:75 (vol%) 

mixture of ammonium acetate buffer (pH = 6.64) and MeOH was used for deposition of the 

middle layer.  This sample preparation protocol produced predominantly [M + K]⁺ ions. 

 The [PAA–VG2]m hybrid material was analyzed in positive and negative ion modes with 

the CHCA matrix.  Solutions of the matrix in THF (20 mg/mL) and [PAA–VG2]m in DMSO (20 

mg/mL) were applied to the MALDI target via the sandwich method, which gave rise mainly to 

[M + Na]⁺ ions in positive mode and [M - H]‾ ions in negative mode. 

 MALDI-MS2 experiments were performed using Bruker’s LIFT (laser-induced 

fragmentation) mode with no additional gas.63  Data analysis was conducted with the 

flexAnalysis software. 

 

ESI-IM-MS and MS2 experiments 

MS and MS² experiments were performed on a Waters Synapt HDMS quadrupole/time-of-flight 

(Q/ToF) mass spectrometer (Waters, Beverly, MA), equipped with an ESI source, operable in 

positive or negative ion modes, and with the traveling-wave variant of ion mobility mass 

spectrometry (IM-MS).64,65  The sample solution was introduced to the ESI source by direct 

infusion at a flow rate of 3 μL/min.  The instrument was operated in positive ion mode with a 

capillary voltage of 3.15 kV, cone voltage of 35 V, sampling cone voltage of 3.2 V, source 

temperature of 80 °C and desolvation temperature of 150º C. The instrument was operated in 
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negative ion mode with a capillary voltage of 1.66 kV, cone voltage of 51 V, sampling cone 

voltage of 1.1 V, source temperature of 80 °C and desolvation temperature of 150º C.  

 The infused solutions were prepared as follows:  VG2 was dissolved in 0.056 M aqueous 

ammonium acetate buffer or in an aqueous 0.01-mg/mL solution of n-dodecyl-α-D-maltoside 

(Affymetrix, Santa Clara, CA) at 0.05 mg/mL and 10 vol% of MeOH was added to this solution 

to help buffer evaporation.  PAA was dissolved in THF:MeOH (50:50, vol%) at 0.1 mg/mL, with 

1 vol% formic acid added to aid ionization.  The [PtBA–VG2]m hybrid was dissolved in a 50:50 

(vol %) mixture of ammonium acetate buffer and MeOH at the concentration of 0.1 mg/mL and 

1 vol% formic acid was added to this solution to facilitate protonation.  The [PAA–VG2]m 

hybrid was dissolved in ammonium acetate buffer at 0.01 mg/mL and 10 vol% MeOH was added 

to help the buffer evaporate.  The instrument was operated in positive ion mode for the peptide 

and [PtBA–VG2]m and in either positive or negative ion mode for PAA and [PAA–VG2]m. 

 IM-MS measurements were conducted in the tri-wave region of the instrument, located 

between the Q and ToF mass analyzers and consisting of three confined chambers in the order 

trap cell (closest to Q), IM cell and transfer cell (closest to ToF).  Nitrogen flows through the IM 

cell and argon through the trap and transfer cells.  The nitrogen (drift gas) and argon (collision 

gas) flow rates were 22.7 mL/min and 1.5 mL/min, respectively.  The traveling wave velocity in 

the IM cell was set at 350 m/s, and the corresponding traveling wave height was tuned to 12 V 

for VG2 and 8 V for PAA and the hybrid materials.  Traveling wave height and traveling wave 

velocity were set at 0.5 V and 300 m/s, respectively, in the trap cell and at 0.2 V and 248 m/s, 

respectively, in the transfer cell.  MS2 experiments via collisionally activated dissociation (CAD) 

were performed in the transfer cell by raising the potential of this cell (bias) to 60 V. 
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Molecular modeling 

Molecular mechanics/dynamics calculations were performed using the Materials Studio (version 

7.0) program (Accelrys Software, Inc.).  For each composition and architecture, 50 candidate 

structures were considered.  Each initially energy-minimized structure was subjected to 50 

annealing cycles with starting and midcycle temperatures of 50 and 1400 K, respectively, 20 

heating ramps per cycle, 1000 dynamics steps per ramp and one dynamics step per femtosecond.  

The collision cross-sections of the resulting optimized structures were calculated by the 

projection approximation method available in the MOBCAL suite of programs.66 

 

Results and discussion 

Characterization of VG2 peptide 

VG2 is a hydrophobic peptide with ten amino acid residues. These include four glycine units (G 

= C2H3O1N1 = 57.0214 Da), four valine units (V = C6H9O1N1 = 99.0684 Da) and two proline 

units (P = C6H7O1N1 = 97.0527 Da).  Based on the synthetic route used to prepare VG2, its 

sequence should be XVPGVGVPGVGX where X is acetylated propargyl glycine (C7H8O2N1 = 

138.0555 Da) at the N-terminus and amidated propargyl glycine (C5H7O1N2 = 111.0558 Da) at 

the C-terminus.  The calculated mass of the combined end groups and the entire peptide are 

249.11 and 1067.58 Da, respectively, using the monoisotopic masses of the elements in the 

peptide.  The peptide is hydrophobic and could only be dissolved in DMSO and in aqueous 

ammonium acetate buffer or aqueous alkyl glycoside surfactant with a pH > 5. 

 MALDI-ToF/ToF-MS and MS2 analysis.  Fig. 1a shows the MALDI mass spectrum of 

VG2 acquired using a DMSO solution.  The most abundant peak arises from the sodiated 
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peptide, [VG2 + Na]+, at m/z 1090; the other ions originate from incomplete sequences.  The 

desired sequence, X(VPGVG)2X, and the reverse sequence, X(GVGPV)2X, are isomers with 

equal molecular weights.  Since both sequences have been investigated as elastin mimics,37-39  

tandem mass spectrometry was utilized to confirm the VG2 structure prepared in this study. 

 The MALDI-MS2 spectrum of [VG2 + Na]⁺ (m/z 1090), shown in Fig. 1b, agrees well 

with the sequence XVPGVGVPGVGX, comprising an acetylated propargyl glycine at the N-

terminus and an amidated propargyl glycine at the C-terminus.  The most abundant fragments 

belong to series an and yn.  According to established peptide ion fragmentation mechanisms,67-69 

these fragments are generated by rearrangement fragmentations at the C(=O)–NH bonds which 

break the peptide into two segments, one containing the N-terminus and the other the C-

terminus.  Retention of the Na+ charge by the C-terminal segment gives rise to the yn series, 

whereas charge retention by the N-terminal segment and concomitant CO loss gives rise to the an 

series.  The intensity of fragments y9 and a6 is particularly high, indicating enhanced cleavage of 

the C(C=O)–NH bonds N-terminal to proline, as also found for protonated peptides.70  The 

sodium ion affinities of proline (196 kJ/mol),68 valine (173 kJ/mol)68 and glycine (161 kJ/mol)68 

follow the same order as the corresponding proton affinities (921, 911 and 887 kJ/mol, 

respectively71).  The enhanced peptide bond cleavage N-terminal to proline could thus result 

from high stabilization of the charge by the N-terminal proline unit created during such 

dissociation.  The spectral features of the MALDI-MS2 spectrum, viz. a complete yn series from 

y10 to y1, and intense an ions with longer chains (a6, a9), further suggest a preference for sodium 

ion coordination near the C-terminal residues.72,73 

 ESI-MS, ESI-IM-MS and MS2 analysis.  ESI of a VG2 solution in ammonium acetate 

buffer (pH = 6.64) produces mainly doubly charged ions, including [VG2 + 2H]+2 (m/z 534.8), 
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[VG2 + H + Na]+2 (545.8) and [VG2 + 2Na]+2 (556.8), cf. Fig. S1.  The intensities of the singly 

charged ions formed, which comprise [M + H]+, [M + NH4]
+ and [M + Na]+ (m/z 1068.6, 1085.6 

and 1090.6, respectively), are very low.  The ESI mass spectrum also contains several singly 

protonated fragment ions, like y1, y4, a5 and y9, which are ascribed to collisionally activated 

dissociation (CAD) of  [M + 2H]+2 in the interface region between the ion source and the 

vacuum system. 

 Fig. 2 shows that IM-MS removes chemical noise and separates the intact peptide with 

one and two charges from fragments.  The drift time for the singly charged ions is about 4 ms, 

while that for the doubly charged ions is about 1 ms.  In either charge state, each intact peptide 

ion shows a single drift time distribution (see drift time chromatogram for [VG2 + Na]+ in Fig. 

2d), consistent with only one sequence and one structure. 

 Lipophilic peptides and even lipid membranes are readily dissolved in aqueous solutions 

of surfactants, such as n-dodecyl-α-D-maltoside (α-C12G2).
74-76  The latter surfactant was also 

used in this study to dissolve the hydrophobic VG2 peptide in H2O/MeOH.  The surfactant 

solution (0.01 mg/mL or 0.020 mM) was first analyzed separately to determine the background 

ions formed without the peptide.  The major ions formed from pure surfactant are [α-C12G2	+ 

Na]⁺ at m/z 533.4 and [(α-C12G2)2 + Na]⁺ at m/z 1043.8.  When the surfactant concentration in 

the sprayed solution was equal or higher than the concentration of the VG2 peptide, both VG2 

and the surfactant components were detected.  Conversely, when the concentration of VG2 was 

higher than that of the surfactant, only peptide ions were detected in the ESI mass spectrum, as 

attested in Fig. S2 for a 0.047-mM solution of VG2 in 0.020-mM aqueous α-C12G2 (+10% 

MeOH).		This	spectrum	contains	dominant	singly	charged	ions	with	the	compositions	[VG2 

+ H]+, [VG2 + NH4]⁺, [VG2 + Na]⁺ and [VG2 + K]⁺, as well as less abundant doubly charged 
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ions with the compositions [VG2 + H + K]+2, [VG2 + 2Na]+2, [VG2 + 2Na]+2 and [VG2 + Na + 

K]+2. 

 Comparison of the ESI-MS and IM-MS data for VG2 obtained using ammonium acetate 

buffer (Figs. S1 and 2a, respectively) and surfactant solution (Figs. S2 and 3a, respectively) 

reveals that the intensity of singly charged ions is higher with the surfactant solution, as is the 

corresponding drift time (4.60 ms vs. 4.15 ms with the buffer solution).  Hence, using the 

surfactant solution reduces the degree of multiple charging and the compactness (folding) of 

VG2, presumably because the surfactant attracts ions attached to folded VG2 (preferentially 

Na+), thereby lowering the charge state and weakening intramolecular hydrogen bonds in the 

peptide relative to ammonium acetate.77  Fig. 3a shows the 2-D IM-MS2 plot of [VG2 + Na]+  

(m/z 1090) and Fig. 3b the MS2 spectrum extracted from this plot.  The same yn and an fragment 

ions are detected if the buffer is used to dissolve the VG2 peptide.  Using the surfactant solution 

of the hydrophobic peptide affected the charge distribution and drift time but did not change the 

fragmentation pathways.  All MS2 spectra of VG2 (MALDI-MS2 and ESI-IM-MS2 using 

different solutions) confirm the VG2 peptide sequence and end groups. 

 

Characterization of PAA homopolymer 

The poly(acrylic acid) sample investigated (Scheme S1) has diazide end groups (2xN3 = 84.0184 

Da) and a central group composed of one methylene plus two methyl acrylate moieties (C9H14O4 

= 186.0892 Da).  The total mass contributed by the central and chain end substituents is 270.11 

Da. 
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 MALDI-ToF-MS analysis.  A major series with the PAA repeat unit (C3H4O2, 72 Da) is 

clearly visible in the MALDI mass spectra obtained in positive (Fig. 4a) or negative (Fig. 4b) ion 

mode.  These series arise from sodiated or deprotonated oligomers of PAA, respectively. Their 

m/z values agree well with the composition (C3H4O2)n + C9H14O4N6 (270 Da), confirming that 

complete hydrolysis of poly(tert-butyl acrylate) (PtBA) to PAA took place and that the resulting 

PAA contained the desired central substituent and diazide end groups.  In positive mode, several 

minor distributions are observed due to exchange of the COOH proton with Na⁺ or K⁺.  Ion 

intensities are much higher in negative ion mode than in positive ion mode pointing out that 

proton loss from PAA during MALDI is more efficient than the gain of a sodium ion. 

 ESI-MS and ESI-IM-MS analysis.  ESI-MS of PAA leads to complex spectra showing 

ions in multiple charge states both in positive and negative modes.  Mainly doubly charged ions 

are observed in positive and doubly or triply charged ions in negative ion mode.  Spectral 

complexity is reduced by IM-MS, with which the PAA ions can be separated according to their 

charge as well as from chemical and contamination noise with repeat units of 28 and 44 Da (cf. 

Figs. 5 and S3). 

 The dominant ion series in the mass spectrum extracted from the mobility region of +2 

ions (Fig. 5) corresponds to doubly potassiated oligomers, [M + 2K]+2, which appear with a 

distance of 36 m/z units between successive n-mers, in keeping with the doubly charged PAA 

repeat unit (C3H4O2, 72 Da).  In negative ion mode (Fig. S3), the major series in the mass spectra 

extracted from the mobility regions of -2 and -3 ions arise from doubly deprotonated PAA 

oligomers and PAA oligomers that lost three protons and exchanged one additional proton with a 

K ion, respectively.  Expectedly, triply charged ions have lower drift times than the doubly 

charged ions (Fig. S3).  With either polarity, additional but relatively minor distributions are also 
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observed due to exchange of one or more COOH protons with Na and/or K.  The m/z values of 

all positive and negative PAA ion series agree well with the composition (C3H4O2)n + 

C9H14O4N6 (270 Da). 

 

Characterization of [PtBA–VG2]m hybrid 

The [PtBA–VG2]m hybrid polymer (Scheme 1) possesses a triazole-containing linking group at 

the N-terminal side of VG2 peptide (the molecular mass of this linking substituent, C7H8O2N4, is 

180.0647 Da), a VG2 peptide segment with 10 amino acid residues (the molecular mass of VG2 

peptide, C38H62O10N10, is 818.4649 Da), another triazole-containing linker as the C-terminal side 

of VG2 (the molecular mass of this linking group, C5H7O1N5, is 153.0651 Da) and a substituent 

in the center of the PAA segments containing the telechelic initiator used in the acrylate 

polymerization (the molecular mass of the center group, C9H14O4, is 186.0892 Da).  The mass of 

all substituents in the polyacrylate chain of one PtBA–VG2 block is equal to 1337.68 Da, 

resulting in a molecular weight distribution of 128n + 1338 Da per PtBA–VG2 constituent block 

(n = number of PtBA repeat units). 

 MALDI-MS data.  The MALDI mass spectrum of [PtBA–VG2]m in positive ion mode 

(Fig. 6) includes a major series with the PtBA repeat unit (C7H12O2, 128.0777 Da), arising from 

potassiated ions of [PtBA–VG2]1 oligomers; the m/z values of all these ions, which are labeled 

by An in Fig. 6, agree well with the composition (C7H12O2)n + C59H91O17N19 (1337.68 Da).  A 

second series with the PtBA repeat unit is also clearly visible and this series arises from 

protonated ions of [PtBA–VG2]1 oligomers that underwent exchange of the N3 end group with a 

OCH3 group.  This exchange could occur during the synthesis or during the sample preparation 

process.52 
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 GPC analysis indicated that [PtBA–VG2]m chains contain on average 3-6 copolymer 

blocks.58  Multiple PtBA–VG2 blocks are, however, not detected upon MALDI, probably 

because of a significantly lower desorption and ionization efficiency as compared to [PtBA–

VG2]1.  Nevertheless, the MALDI data unequivocally show that polymer-peptide conjugation 

took place to form a copolymer with the expected linking and end group substituents. 

 ESI-IM-MS analysis of PtBA–VG2.  The ESI mass spectrum of [PtBA–VG2]m 

(positive ion mode) is complex, containing ions in multiple charge states from the desired 

product and unconsumed reactants.  The [PtBA–VG2]m hybrid is observed doubly and triply 

charged.  With IM-MS, these charge states are easily separated, as documented in Fig. 7.  The 

mass spectrum extracted from the mobility separated doubly charged ions shows a dominant 

series with the PtBA repeat unit (C7H12O2, 128 Da), corresponding to doubly protonated [PtBA–

VG2]1 oligomers, which appear every 128/2 = 64 m/z units.  The m/z values of all these ions 

agree well with the composition (C7H12O2)n + C59H91O17N19 (1337.68 Da).  Ion series with the 

PtBA repeat unit are also present in the mass spectrum extracted from the mobility separated 

triply charged region; here, the charges are provided by 3 protons and successive oligomers 

differing by one PtBA monomer are 128/3 = 42.67 m/z units apart from each other.  The +3 

region includes oligomers with the poly(acrylic acid) repeat unit (C3H4O2, 72 Da), which appear 

every 72/3 = 24 m/z units.  These are attributed to partial COO-t-C4H9	→ COOH hydrolysis in 

the ammonium acetate buffer used to dissolve the PtBA–VG2 sample.  Essentially all PtBA–

VG2 oligomers observed in charge state +3 underwent partial tert-butyl ester hydrolysis.  

Oligomers with COOH pendants appear to protonate more easily than oligomers with completely 

esterified acrylate side chains, presumably because of more facile intramolecular H-bonding with 

the COOH as compared with the bulkier COO-t-C4H9 pendants.  The architecture of PtBA–VG2 
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(linear vs. cyclic) and the presence and detection of multiple PtBA–VG2 blocks in the hybrid 

material (upon ESI) will be discussed later. 

 

Characterization of [PAA–VG2]m hybrid 

According to Scheme 1, the [PAA–VG2]m and [PtBA–VG2]m hybrids have the same chain end, 

center and linking substituents.  The total mass of these moieties is 1337.68 Da per polymer-

peptide constituent block (vide supra).  Further, the same moieties (and mass increment) would 

be present if the hybrid architecture is linear or macrocyclic (cf. Scheme 1). 

 MALDI-MS data.  MALDI of [PAA–VG2]m gives rise to several ion series with the 

PAA repeat unit (C3H4O2, 72 Da), both in negative (Fig. 8) as well as positive (Fig. S4) mode.  

The dominant distribution consists of deprotonated or sodiated oligomers of [PAA–VG2]1, 

respectively, whose m/z values agree well with the composition (C3H4O2)n + C59H91O17N19 

(1337.68 Da), indicating that a major fraction of PtBA underwent hydrolysis to PAA.  In both 

modes, several minor distributions are observed due to remaining, un-hydrolyzed PtBA ester 

groups.  It is noteworthy that complete hydrolysis was observed for the simple PtBA polymer 

with no peptide attachment (vide supra).  Hydrogen bonding between the polymer and peptide 

blocks in [PtBA–VG2]m and partially hydrolyzed [PAA/PtBA–VG2]m most probably prevents 

the hydrolysis of all ester groups in the hybrid material. 

 ESI-IM-MS analysis of [PAA–VG2]m.  Under ESI conditions, [PAA–VG2]m forms 

doubly and triply charged cations (Fig. 9) or anions (Fig. S5).  Using the ion mobility dimension, 

the hybrid material can be separated according to its charge as well as from unconjugated 

polymer (PAA and PAA/PtBA) and incompletely hydrolyzed hybrid (PAA/PtBA–VG2) in 
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various charge states.  Such separation is imperative for reducing spectral congestion and 

enabling a straightforward spectral interpretation. 

 In positive ion mode (Fig. 9), the IM-MS spectrum extracted from the region of doubly 

charged PAA–VG2 shows just one series with the PAA repeat unit (72 Da), which arises from 

doubly protonated oligomers with one constituent block, viz. [PAA–VG2]1.  Oligomers differing 

by one repeat unit are separated by 72/2 = 36 m/z units, as expected for +2 ions; further, no PtBA 

content is detected beyond noise level.  Very similar characteristics are present in the IM-MS 

spectrum extracted from the mobility region of triply charged PAA–VG2.  Again, one series is 

observed, arising from triply protonated oligomers of PAA–VG2, which appear every 72/3 = 24 

m/z units.  Their m/z values correspond to hybrid material with one constituent block and no 

PtBA content.  A third mobility area in the 2-D IM-MS plot (Fig. 9) contains PAA, PAA/PtBA 

and PAA/PtBA–VG2 in varying charges and looks particularly convoluted due to superimposed 

isobaric or nearly isobaric ions.  A fourth mobility area, marked with an asterisk in Fig. 9a, 

contains +4 ions of [PAA–VG2]2, which are more sensitively detected in IM-MS spectra 

acquired from individual, mass-selected oligomers (vide infra). 

 The measurements in negative ion mode give similar results. The major series in the IM-

MS spectrum extracted from the region of doubly charged PAA–VG2 (Fig. S5), whose members 

appear at intervals of 72/2 = 36 m/z units, originates from doubly deprotonated oligomers with 

one constituent copolymer block.  The same oligomers, triply deprotonated (every 72/3 = 24 m/z 

units), dominate in the spectrum extracted from the region of triply charged PAA–VG2.  In both 

spectra, minor series due to one or more COOH →	COOY (Y= K or Na) exchanges are also 

present. The m/z values of the major and minor ion series of doubly and triply deprotonated 

hybrid material corroborate the composition (C3H4O2)n + C59H91O17N19 (1337.68 Da).  The two 
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other circled areas in the IM-MS plot in Fig. S5 include PAA, PAA/PtBA and PAA/PtBA–VG2 

with different charges.  In summary, both MALDI‐MS and ESI‐IM‐MS confirm the expected of 

PAA–VG2 composition and the substituents incorporated in this material, with the most 

conclusive identification provided by the mobility separated species. 

 

Insight on hybrid architecture from collision cross-sections 

Derivation of collision cross-sections from traveling wave IM-MS experiments.  From the 

drift time of an ion through the IM region, the corresponding collision cross-section (CCS or Ω) 

can be derived which is an important physical property, characteristic of the ion’s size and 

conformation (shape).  With traveling wave IM-MS, there is no direct relationship between the 

measured drift time (tD) and Ω.  Collision cross-sections are derived by calibrating the drift time 

scale with standards of known Ω, following a procedure that has been described in detail in the 

literature.78-80  The calibration standards are ions with known Ω values, determined by the drift 

time ion mobility spectrometry (DTIMS) version of IM-MS,59,61 in which a constant electric field 

is applied to an IM chamber filled with He. The buffer gas in traveling wave IM-MS experiments 

is usually N2; it has been shown for ions of small and medium size (Ω < 600 Å2), however, that 

collision cross-sections deduced from such experiments by using calibrant Ω values obtained 

with He match within ±3% collision cross-sections measured directly with DTIMS.78-80  Even for 

larger protein ions (Ω ≈ 1200-2600 Å2), the collision cross-sections derived from the described 

calibration procedure and from DTIMS measurements agree reasonably well (within ca. 

±10%).81  The calibrants employed in this study were singly and doubly charged polyalanine 

oligomers82 which, when analyzed under the same traveling wave velocity, traveling wave height 

and ion mobility drift gas (N2) flow rate as the hybrid materials, lead to the calibration curve 
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depicted in Fig. S6; the data plotted to obtain this curve are listed in Table S1.  The validity of 

the calibration curve in Fig. S6 was tested by using it to determine the CCSs of triply charged 

polyalanine oligomers and of several charge states of the proteins ubiquitin and cytochrome C, 

which were previously measured by DTIMS (Table S2).82-85  Published CCS and experimental 

CCS obtained from the calibration plot differ on average by <3% for the polyalanine n-mers (Ω 

≈ 430-520 Å2) and by <9% for the ubiquitin and cytochrome C ions (Ω ≈ 1500-2800 Å2).  Given 

the relatively small size of the PtBA–VG2 and PAA–VG2 copolymers analyzed in this study, the 

error in their CCS values obtained from the calibration plot of Fig. S6 should by <4%. 

 Doubly and triply protonated PtBA–VG2 oligomers were isolated for IM-MS analysis.  

Fig. 10 shows the IM-MS drift time distribution (“IM-MS chromatogram”) of mass-selected 

[PtBA8–VG2]1
+2 at m/z 1182.  It includes a single drift time distribution of +2 ions with one 

PtBA–VG2 block, consistent with one structure for such oligomers.  There is a broad peak with 

low intensity at lower drift times, which is attributed to higher charge states containing more than 

one PtBA–VG2 constituent block.  Similar results are obtained for other +2 or +3 ions of PtBA–

VG2.  Table 1 lists the drift times of nine doubly or triply protonated PtBA–VG2 oligomers 

together with their collision cross-sections, derived by using polyalanine as CCS calibrant (Fig. 

S6).  Expectedly, the CCS increases with charge for the same oligomer due to stronger charge 

repulsion forces in the structure carrying more charges. 

 Several PAA–VG2 ions were also examined by IM-MS.  Fig. 11a shows a representative 

IM-MS chromatogram, acquired from mass-selected m/z 1102 which corresponds nominally to 

doubly protonated [PAA12–VG2]1.  Three peaks with three distinct drift times are observed, with 

the middle component having the highest intensity.  The isotope patterns and m/z values in the 

mass spectra extracted from the mobility-separated peaks reveal that the center component 
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drifting at 5.96 ms arises from doubly protonated [PAA12–VG2]1. Its narrow peaks shape is 

consistent with one architecture which could be linear or cyclic (vide infra).  Conversely, the 

component drifting at 4.06 ms is identified as the quadruply protonated copolymer with two 

constituent polymer-peptide blocks, viz. [PAA12–VG2]2.  Finally, the most slowly drifting 

component, appearing at 7.13 ms, is assigned to mixtures of [PAA11 + K]+ plus [PAA26 + Na + 

K]+2 (unreacted polymer).  IM-MS analysis of triply charged PAA–VG2 also indicates the 

presence of overlapping isobars, as exemplified in Fig. 11b for triply protonated [PAA16–VG2]1 

(m/z 831).  Here, the superimposed component is unreacted, longer chain PAA with overall +3 

charges.  The longer drift times of the unreacted PAA in Figs. 11a-b is attributed to its lower 

charge state (Fig. 11a) or to a longer polymer chain (compared to the PAA block in PAA–VG2) 

that lacks the peptide block which would have promoted folding and faster traveling motion in 

the IM cell. 

 Table 1 includes the drift times of twelve doubly and triply protonated PAA–VG2 

oligomers with one constituent block and the collision cross-sections obtained from these data by 

using the calibration curve established with polyalanine (Fig. S6).  In general, drift times and 

CCSs are lower for PAA–VG2 than for PtBA–VG2 oligomers with the same number of acrylate 

repeat units, because PAA lacks the bulky tert-butyl substituents and enables extensive hydrogen 

bonding interactions that generate more folded, compact structures (vide infra). 

 Theoretical collision cross-sections.  The structure of the hybrid materials could be 

linear or cyclic depending on whether intramolecular cycloaddition between the chain ends 

occurs.  To answer this question, computational modeling was used.  Energy minimization of 

[PtBA–VG2]1 and [PAA–VG2]1 oligomers with different numbers of acrylate repeat units, 2-3 

proton charges and linear or cyclic structures was performed by molecular mechanics/dynamics 
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simulations and the collision cross-sections of the resulting optimized structures were calculated 

by the projection approximation (PA) method.  Fifty candidate structures per composition (n-

mer) and architecture (linear or cyclic) were considered.  The average Ωcalcd values obtained this 

way for each species are included in Table 1 and typical Ωcalcd vs. relative energy plots are shown 

in Fig. S7 for PtBA7–VG2 and PAA10–VG2. 

 Fig. 12 compares the calculated collision cross-sections of linear and cyclic PtBA–VG2 

and PAA–VG2 oligomers in charge state +2 with the corresponding measured values.  For 

PtBA–VG2 (Fig. 12a), the measured CCSs match within experimental error (~4%) the CCSs 

calculated for the cyclic structures indicating that all possible 1,3-cycloadditions have taken 

place and that the hybrid material contains solely triazole functionalities and no free azide and 

alkyne end groups.  As with PtBA–VG2, the cyclic PAA–VG2 architectures are more compact 

and have smaller collision cross-sections than their linear analogs.  In contrast to PtBA–VG2, 

however, the experimental CCSs do not match those of the macrocycles, but are even smaller.  

Very similar trends are observed for PtBA–VG2 vs. PAA–VG2 n-mers in charge state +3 (cf. 

Fig. S8).  Since PAA–VG2 is formed from PtBA–VG2 (cf. Scheme 1) by tert-butyl ester 

hydrolysis, which does not affect triazole moieties, the final PAA–VG2 product must also be 

cyclic.  The higher compactness (smaller CCS) of cyclic PAA–VG2, compared to the theoretical 

prediction, is attributed to the extensive hydrogen bond network formed with the COOH 

pendants of PAA chains and the VG2 amide groups.  It is likely that the molecular 

mechanics/dynamics simulations miss some of the most compact PAA–VG2 conformations, 

leading to overestimated CCS values. 
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Conclusions 

The results presented in this study showed how top-down MS, involving tandem MS and ion 

mobility mass spectrometry (IM‐MS), can be used to characterize a derivatized synthetic peptide 

(complete end group and sequence analysis), a polymer and the corresponding polymer‐peptide 

hybrid copolymer.  Top-down MS is a new approach suitable for the analysis of complex 

materials that cannot be obtained in the high purity needed for structural characterization by 

other spectroscopic methods such as XRD and NMR.  The top-down MS strategies discussed are 

fast, require very little material and can reveal information about both the compositional as well 

as the architectural microstructure of the material under study.  Such methods should be 

particularly useful for the detection and identification of peptide-polymer and protein-polymer 

conjugates, which are increasingly used in biomedical and pharmaceutical research and 

applications. 
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Table 1  Measured and calculated collision cross-sections (Ω) of doubly and triply protonated 

[PtBAn–VG2]1 and [PAAn–VG2]1 oligomers (n = number of PtBA or PAA repeat units) 

z n m/z tD 

(ms)a 

tD'  

(ms)b 

Ω' 

(Å2)c 

Ω 

(Å2)d 

Ωcalcd 

(Å2)e 

       Cyclic Linear 

[PtBAn–VG2]1 

2   4   926.05 5.50 5.529   957.35 365 367 388 

2   6 1054.19 6.41 6.441 1041.32 396 396 428 

2   7 1118.25 7.05 7.082 1097.17 417 411 444 

2   8 1182.28 7.70 7.733 1152.07 438 430 458 

2 10 1310.36 8.72 8.755 1233.00 468 464 499 

3    5f   732.44 3.08 3.106   696.82 398 404 431 

3    6f   775.17 3.33 3.356   727.27 415 416 449 

3    7f   817.84 3.59 3.617   757.86 432 439 465 

3    9f   903.23 4.00 4.029   804.18 458 469 501 

[PAAn–VG2]1 

2   7   921.97 4.75 4.779   838.49 336 352 376 

2   8   957.39 4.89 4.920   897.71 342 366 395 

2 10 1029.93 5.47 5.496   954.16 363 389 413 

2 12 1101.95 5.96 5.992 1000.68 381 390 432 

2 14 1174.07 6.28 6.313 1029.86 391 416 464 

2 15 1209.98 6.39 6.418 1039.30 395 426 459 

2 16 1246.45 6.93 6.964 1087.06 413 436 471 

3 10   687.03 2.61 2.635   636.50 363 386 417 

3 12   734.95 2.69 2.716   647.19 369 408 445 

3 14   783.02 2.82 2.847   664.18 379 413 457 

3 15   806.97 3.03 3.057   690.79 394 430 474 

3 16   831.03 3.08 3.107   697.04 397 437 483 
a Measured drift time.  b Corrected drift time, tD' = tD - [C(m/z)0.5/1000] (C = 1.41 is a correction 

factor for instrument flight time effects).  c Normalized CCS (Ω'), obtained from the calibration 
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equation shown in Fig. S6; Ω' = 373.33(tD')0.5507.  d Measured CCS (Ω), Ω = Ω'(z/μ0.5) where z is 

the ion charge and μ is the reduced mass of the ion and drift gas (N2).  
e Calculated by the 

projection approximation method from energy-minimized structures obtained by molecular 

mechanics/dynamics simulations (see text).  f  The triply protonated PtBA–VG2 oligomers also 

contain 3 hydrolyzed PAA repeat units in addition to the listed PtBA repeat units. 
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Scheme 1.  Synthetic route to hybrid copolymers [PtBA–VG2]m and [PAA–VG2]m, in which the 

polymer and peptide blocks are tethered through triazole linkages:  C7H8O2N4, 180.0647 Da, at 

the N-terminal side of VG2; and C5H7O1N5, 153.0651 Da, at the C-terminal side of VG2.  If the 

final structure is linear, the product carries either an amidated propargyl glycine (C5H7O1N2, 

111.0558 Da) or an acetylated propargyl glycine (C7H8O2N1, 138.0555 Da) at the peptide chain 

end and an azide substituent (N3, 42.0092 Da) at the polymer chain end.  If the chain ends react 

to form a macrocycle, a new triazole functionality is generated that has the same composition 

and mass as one the two possible end group combinations in the linear architecture.  
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Fig. 1.  (a) MALDI mass spectrum of VG2 peptide; (b) MALDI-MS2 spectrum of sodiated VG2 

(m/z 1090).  The sequence of the peptide and the major N-terminal (an) and C-terminal (yn) 

fragments are shown at the top. 
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Fig. 2.  (a) 2-D IM-MS plot (m/z vs. drift time) of VG2 dissolved in aqueous ammonium acetate; 

(b,c) mass spectra extracted from the IM regions of (a) singly and (b) doubly charged VG2 

(labeled by $ and @, respectively); (d) drift time chromatogram (mobilogram) for [VG2 + Na]+ 

(m/z 1090). 
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Fig. 3.  (a) 2-D IM-MS2 plot for [VG2 + Na]+ (m/z 1090) and (b) extracted IM-MS2 spectrum.  

VG2 was dissolved in aqueous n-dodecyl-α-D-maltoside. 
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Fig. 4.  MALDI mass spectra of telechelic poly(acrylic acid) diazide (PAA), acquired in (a) 

positive and (b) negative ion mode.  The insets show expanded views.  
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Fig. 5.  (a) 2-D IM-MS plot (m/z vs. drift time) of diazide-terminated poly(acrylic acid), PAA, 

acquired in positive ion mode.  The mobility region of doubly charged PAA is encased.  (b) 

Mass spectrum extracted from the encased region, in which [PAA + 2K]+2 cations dominate. 
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Fig. 6.  MALDI mass spectrum of the PtBA–VG2 hybrid material in positive ion mode.  The 

insets show an expanded view of the spectrum and the structures of the two major products 

detected. 
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Fig. 7.  (a) 2-D IM-MS plot of the PtBA–VG2 hybrid material in positive ion mode; the mobility 

regions of doubly and triply charged PtBA–VG2 cations are enclosed in ovals.  (b,c) Mass 

spectra extracted from the mobility regions of (b) +2 and (c) +3 ions of PtBA–VG2, in which 

doubly and triply protonated oligomers, respectively, dominate.  A and B designate PtBA and 

PAA repeat units, respectively. 
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Fig. 8.  MALDI mass spectrum of the PAA–VG2 hybrid material in negative ion mode; Bn and 

An designate the number of PAA and remaining (unhydrolyzed) PtBA repeat units, respectively.  

The main distribution (marked by *) arises from the completely hydrolyzed product. 
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Fig. 9.  (a) 2-D IM-MS plot of the PAA–VG2 hybrid material in positive ion mode; the mobility 

regions of doubly and triply charged PAA–VG2 cations and of incompletely hydrolyzed hybrid 

as well as unreacted polymer are enclosed in ovals.  (b,c) Mass spectra extracted from the 

mobility regions of (b) +2 and (c) +3 ions of PAA–VG2, which contain doubly and triply 

protonated oligomers, respectively.  The region marked with an asterisk contains +4 ions of 

[PAA–VG2]2 oligomers (see text and Fig. 11a). 
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Fig. 10.  IM-MS chromatogram of the ions at m/z 1182 from PtBA–VG2, showing the 

corresponding drift time distribution.  The inset depicts the mass spectrum extracted from the 

main peak (centering at 7.70 ms). 
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Fig. 11.  IM-MS chromatograms of the ions at (a) m/z 1102 and (b) m/z 831from PAA–VG2, 

showing the corresponding drift time distributions.  The insets depict the mass spectra extracted 

from the peaks centering at (a) 5.96 ms and (b) 3.07 ms. 
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Fig. 12.  Calculated collision cross-section (PA method) for doubly protonated oligomers of (a) 

PtBA–VG2 and (b) PAA–VG2 with linear or cyclic architecture, and experimental collision 

cross-section of the same ions vs. m/z ratio. 
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