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1. Introduction

The full mapping of the human genome, reported in
2001,[1] and the more recent results of the ENCODE project[2]

have revolutionized the field of genomics. The scientific
impact of these findings is enormous, and will probably
strongly influence 21st century research and technology.[3]

However, none of this would have been possible without
the development of reliable methods which allow sequencing
(i.e., reading monomer sequences) of biopolymers. The roots
of the field of macromolecular sequencing can be traced back
to the early 1940s with the work of Bergmann and Niemann,[4]

Perutz,[5] and Sanger,[6] on protein structure. It is, however,
classically admitted that the report of Sanger, describing the
primary structure of insulin, is the earliest example of
a deciphered macromolecular sequence.[7] Some decades
later, Sanger et al.[8] and Maxam and Gilbert[9] described

methods for DNA sequencing which
paved the way to modern genomics.
Both protein and DNA sequencing
have forever changed the face of
molecular biology.

However, fundamentally speaking,
macromolecular sequencing is not only
a matter of biology but rather a matter
of chemistry, and more specifically of

polymer chemistry. Indeed, putting aside its biological
implications, the field of sequencing can be simply described
as the analysis of monomer sequences in macromolecules.

However, historically, biological and man-made polymers
have been studied separately in two different disciplines.
Consequently, the analytical tools which have been developed
for the characterization of biomacromolecules are often very
different from those used for the analysis of synthetic
polymers. For example, the size of biopolymers is classically
assessed by gel electrophoresis, whereas synthetic polymers
are more commonly analyzed by gel permeation chromatog-
raphy. Yet, the historical and cultural barriers between
disciplines are slowly disappearing as modern synthetic
polymers have recently become almost as structurally com-
plex as biopolymers. Over recent years, numerous examples
of synthetic polymers with controlled primary[10] and secon-
dary[11] structures have been reported. For instance, the recent
emergence of the field of sequence-controlled polymers[12] has
opened up interesting perspectives in applied polymer
science.[13] It was, for example, recently suggested that
synthetic polymers can be used to store molecular informa-
tion.[14]

The sequencing of biopolymers such as proteins and DNA is among
the most significant scientific achievements of the 20th century. Indeed,
modern chemical methods for sequence analysis allow reading and
understanding the codes of life. Thus, sequencing methods currently
play a major role in applications as diverse as genomics, gene therapy,
biotechnology, and data storage. However, in terms of fundamental
science, sequencing is not really a question of molecular biology but
rather a more general topic in macromolecular chemistry. Broadly
speaking, it can be defined as the analysis of comonomer sequences in
copolymers. However, relatively different approaches have been used
in the past to study monomer sequences in biological and manmade
polymers. Yet, these “cultural” differences are slowly fading away with
the recent development of synthetic sequence-controlled polymers. In
this context, the aim of this Minireview is to present an overview of the
tools that are currently available for sequence analysis in macro-
molecular science.
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In this context, the analysis of comonomer sequences in
synthetic copolymers has recently sparked renewed interest in
conventional polymer science.[15] However, the tools that are
currently used for such a purpose are far from being as
elaborate as those developed for biological sequencing.
During the last few decades, the sequences of synthetic
copolymers have been mainly studied using 1H and 13C NMR
spectroscopy.[16] Although interesting for the description of
simple copolymers such as statistical or alternating copoly-
mers, classical NMR measurements are probably not suffi-
cient for the full sequencing of more complex primary
structures. In fact, some of the approaches used for protein
and DNA sequencing may also be adequate for studying
manmade macromolecules. Thus, the present Minireview
describes the main methods which have been developed in the
past for the analysis of synthetic and biological macromole-
cules. In particular, the Minireview is organized into two main
sections so as to compare the parallel developments of both
disciplines. It should be, however, clearly stated that the
present Minireview is not meant to be fully comprehensive.

Many specific aspects of protein and DNA sequencing have
been described in previous reviews and are therefore not
described in detail in the present text.[17] Thus, the present
Minireview was conceived to be a concise introduction to the
important field of macromolecular sequencing.

2. Biopolymer Sequencing

2.1. Protein Sequencing

Chain-cleavage methods are classically used for protein
sequencing. In such approaches, the chemical modification of
the end of a polymer chain (i.e., C- or N-terminus) is often
required. The early methods of protein sequencing reported
by Sanger and Tuppy,[7] and Edman[18] are both based on N-
terminus modification (Figure 1). Approaches employing C-
terminus modification have been also considered but turned
out to be much more challenging.[19] As shown on the left of
Figure 1, in the Sanger approach the peptide N-terminus is
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Figure 1. Sanger (left) and Edman degradation (right) for peptide sequencing. Both methods rely on the modification of the N-terminal residue
with an identifiable marker under alkaline conditions to facilitate sequencing. Sanger sequencing utilizes 2,4-dinitrofluorobenzene to react with
the N-terminal residue, while the Edman approach is based on using phenylisothiocyanate. The advantage of the Edman process is that
sequencing occurs inward from the N-terminus, thus the rest of the peptide remains intact. Therefore, the entire sequence of reactions can be
repeated over and over to obtain the sequences of the peptide.
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first modified with dinitrofluorobenzene. Afterwards, the
peptide is cleaved by chemical or enzymatic degradation, and
the fragments are analyzed and deciphered. In this strategy,
the dinitrofluorobenzene labelling of the chain-end helps in
sorting out the peptide decryption. Indeed, the dinitrophenol-
labeled terminal fragment can be identified by its character-
istic migration rate in thin-layer chromatography or paper
electrophoresis. In the Edman approach (Figure 1, right), the
N-terminus of the peptide is modified by phenylisothiocya-
nate. This modification triggers a chain-end cyclization which
leads to the cleavage of the terminal amino acid of the chain,
and is then analyzed using liquid chromatography. After-
wards, the procedure is repeated until all amino acids are
identified. Thus, in terms of polymer chemistry, the Edman
method can be described as a stepwise chain-end degradation
process (see Section 3.4 for some analogies in synthetic
polymer science). To improve the identification of the Edman
degradation products, liquid chromatography was later re-
placed by mass spectrometry (MS) based on optical detec-
tion.[20] Shortly thereafter, the gradual improvement of MS/
MS techniques laid the groundwork for protein sequencing by
MS,[21] thus providing access to the first multiple protein
sequences performed in the 1980s.[22] Over the course of time,
various developments in terms of protein sequencing have
been exploited, such as ladder sequencing,[23] a method which
relies on controlled stepwise chemical degradation at the
amino terminus followed by analysis through matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) to result in a mass spectrum which
provides information on the sequence and identities of amino
acid residues, both unmodified and modified. The rapid
expansion in this field made the tandem mass spectrometry
based proteomics the method of choice for protein sequenc-
ing. Additionally, a number of groups have used biological
and artificial nanopores to study protein structure and the
potential applications of nanopores in protein analysis (see
Section 2.2.3 for additional information about these tech-
niques and their use in nucleic acids sequencing).[24] As
mentioned in the introduction, the field of protein sequencing
has become a very broad area of research. For more detailed
information, the readers are guided to recent comprehensive
reviews on the topic.[25]

2.2. DNA Sequencing

Given its crucial implications in genomics and biotech-
nology, DNA is nowadays the most studied polymer in the
field of macromolecular sequencing. However, the develop-
ment of fast and efficient DNA sequencing methods has
required decades of research, and an in-depth understanding
of DNA chemistry and physicochemistry. The Sanger method
reported in 1977 has dominated the field of DNA sequencing
for more than 25 years.[8] However, it has been supplanted
over the years by faster and cheaper methodologies, including
next-generation (next-gen) techniques and nondestructive
approaches (i.e., methods that do not degrade the polymer
analyte) such as nanopore analysis. This section of the
Minireview describes briefly the chronological evolution of

the methods used for nucleic acid sequencing. It should,
however, be emphasized that there is only a limited range of
chemical strategies capable of sequencing DNA, with DNA
polymerases lying at the heart of most current technologies.[26]

2.2.1. Historical Methods

Starting in the early 1970s, Sanger introduced the use of
DNA polymerases for DNA sequencing.[27] In such ap-
proaches, the polymerases are used to prepare incomplete
copies of a given sequence that can be analyzed. This was
accomplished with in vitro radioactive labelling of a small
specific region, the primer, of an unlabelled DNA molecule,
thus yielding DNA polymerase primed by synthetic oligonu-
cleotides. This approach was completed in 1975 by the
introduction of the combination of “plus” and “minus”
sequencing methods which involve specific nucleotide addi-
tion to extend the primer oligonucleotide, thus creating
a radioactive complementary copy of a defined part of the
template DNA, followed by removal of excess triphosphates
to assess specific sequences.[28] However, this technique had
some disadvantages. For instance, it was difficult to assess the
length of homopolymer runs, thus leading to unreliable results
for longer sequences. Building upon this early work, Sanger
and co-workers developed a new breakthrough method for
sequencing oligonucleotides based on DNA sequencing with
chain-terminating inhibitors.[8] Indeed, this method was quite
similar to the plus and minus, with the advantage of not
requiring the preliminary extension of the primer oligonu-
cleotide. This optimized version has revolutionized the field
of genomics and was initially referred to as the chain-
termination method or the dideoxynucleotide method. In
a few words, it consists of a catalyzed enzymatic reaction
which polymerizes the DNA fragments complementary to the
template DNA of interest (unknown DNA). Although in the
same year, Gilbert and Maxam[9] introduced a chemical
approach for DNA sequencing which is based on ability of
hydrazine, dimethyl sulphate (DMS), or formic acid to
specifically modify bases within the DNA molecule (Fig-
ure 2), the enzymatic method was used for genomic research
as the main tool to generate the fragments necessary for
sequencing, regardless of the sequencing strategy. It should be
also mentioned that the introduction of fluorescently-labelled
chain terminators[29] (or so called dye-terminator sequencing)
greatly contributed to the throughput, thus enabling the
completion of the Human Genome project. In spite of that,
the need and potential for higher-throughput sequencing
technologies was inevitable.

2.2.2. Next-Generation DNA Sequencing

Generally speaking, next-generation sequencing (also
called next-gen sequencing or NGS) mainly refers to DNA
sequencing methods which arose during the last two decades,
after the capillary sequencing methods which relied upon
Sanger sequencing.[17a] NGS methods are defined as highly
parallelized processes which enable the sequencing of thou-
sands to millions molecules at once. Whereas, NGS will not be
covered in detail here, interested readers are directed to
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a comprehensive review by Mardis and co-workers,[17a] and it
should be mentioned that Margulies et al. were the ones who
introduced the first widely adopted NGS approach based on
pyrosequencing technology.[30] During the last few years, NGS
methods have been evolved from a second-generation plat-
form (which essentially uses DNA synthesis chemistry as
employed by the traditional Sanger�s sequencing) to a third-
generation and finally to a fourth-generation (4G) sequencing
machine, which is also known as nanopore technologies.

2.2.3. Nanopore Sequencing

Nanopore sequencing, also sometimes referred to as
a fourth-generation sequencing technology, is based on the
analysis of a sequence-defined biopolymer through a biolog-
ical or synthetic pore (Figure 3). Almost two decades ago,
Kasianowicz and colleagues showed experimentally that
single-stranded DNA molecules can be driven through
a biological nanopore channel (i.e., a-hemolysin in that
specific study) embedded in a lipid bilayer. When moving
through the pore, the DNA analyte induces a blockade in the
channel current (Figure 3).[31] Early studies have shown that

DNA/RNA homo- and copolymers could be readily differ-
entiated by this biological nanopore mainly by comparing

Figure 2. Maxam–Gilbert chemical degradation. This approach is based on radioactive labeling of double-stranded DNA fragments. Thus, it
employs a set of base-specific cleavage reactions to generate the necessary fragments that are subsequently separated by electrophoresis. The
specificity resides in the first reaction with either hydrazine, dimethyl sulphate, or formic acid, which react with only a few percent of the bases.
For example, as exemplified in this figure, dimethyl sulphate reacts specifically with the nitrogen of G, thus resulting in a positive marker in the
G-lane of the electrophoresis.

Figure 3. DNA is sequenced by threading it through a microscopic
pore embedded in a membrane. Within the nanopore characteristic
disruptions of current result from combinations of bases, then the
order and identity of bases are identified by the way they affect ions
flowing through the pore from one side of the membrane to the other.
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their characteristic plot features, such as current blockage
amplitude.[32] In addition, numerous studies involving single-
stranded DNA and double-stranded DNA sequencing[33]

showed that silicon-based solid-state nanopores could also
be used for similar experiments as a versatile alternative to
the biological ones. Moreover, Wanunu and Meller have
shown that a great diversity of functions can be given to
a solid-state nanopore by chemically modifying the surfa-
ce.[ 34b] More specifically, by employing chemically modified
solid-state nanopores they were able to perform experiments
which pointed out that it is even possible to distinguish
between 3’ or 5’ end translocations of identical DNA
molecules.[34] Recently, it was shown that nonsilicon-based
solid-state nanopores can also serve as channels for the
sequencing of single-stranded DNA molecules.[35] Along these
pioneering experiments, Meller and co-workers have report-
ed proof-of-principle of an optipore technique capable of
a multicolor readout of DNA sequence.[36] Comprehensive
information about the progress made in nanopore-based
sequencing and detection of nucleic acids can be found in
a recent review by Long et al.[17c]

3. Sequencing of Synthetic Copolymers

Analytical approaches currently employed for studying
monomer sequences in synthetic polymers are rather differ-
ent from those used in biopolymer sequencing. These differ-
ences are, in part, due to the fact that synthetic polymers,
synthesized by chain-growth and step-growth polymerization
techniques, are polydisperse samples. Consequently, such
macromolecules are analyzed in general as whole and average
expressions are used to describe their molecular structure
(e.g., the degree of polymerization (DP), comonomer com-
position, dyad and triad fractions). This description differs
markedly from perfectly defined biopolymers which can be
characterized more accurately. However, recent develop-
ments in sequence-controlled polymerizations have narrowed
the gap between natural and synthetic macromolecules.[12] In
this context, the present section describes current tools for
analysis of synthetic copolymer sequences and their probable
evolution over the next few years.

3.1. Sequence Analysis by NMR Spectroscopy

NMR spectroscopy is certainly the most widespread
method for the analysis of monomer sequences in synthetic
copolymers.[16] Significant developments in that area of
research have been reported by Bovey and co-workers who
described early methods for 1H, 13C, and two-dimensional
NMR analysis of comonomer sequences and tacticity.[37]

Indeed, the NMR resonance of a given monomer unit in
a polymer chain is directly influenced by the molecular
structure of its close neighbors.[16] Depending on the field
strength of the NMR spectrometer and on the structure of the
analyzed copolymer, dyads, triads, tetrads, pentads, and in
some rare cases higher-order neighboring effects, up to
octads, can be observed and quantified by integration. For

instance, by knowing the relative abundances of all comono-
mer dyads in a copolymer (e.g., dyads AA, AB, and BB in an
AB copolymer), number-average sequence fractions can be
determined.[38] However, NMR sequence analysis remains
general and gives limited information about sequence dis-
tribution along polymer chains (e.g., gradients, clusters, long-
range sequence order).

One possibility to describe more precisely comonomer
sequence distribution along chains is to monitor by NMR
spectroscopy the chain incorporation of comonomers during
polymer synthesis. It should be however specified that such an
analysis is usually restricted to controlled/living polymeri-
zations, in which all polymer chains grow at the same kinetic
rate. Indeed, in such polymerizations, comonomer kinetic
consumption is directly encrypted in the microstructure of the
formed copolymers. For instance, NMR kinetic monitoring
has been used for the microstructural characterization of
alternating[39] block[40] and gradient[41] copolymers prepared
by controlled radical copolymerization. Recently, our group
has shown that NMR monitoring can also be used to
characterize complex aperiodic comonomer patterns ob-
tained by sequence-controlled copolymerization.[13a,42] These
measurements allow a description of microstructure, a de-
scription not attainable by conventional NMR analysis of the
final polymer isolated after synthesis. Furthermore, it is also
possible to follow the formation of comonomer sequences
using in situ NMR characterization. For example, Frey and
co-workers have recently studied the microstructure of
gradient polyethers by in situ 13C NMR spectroscopy.[43]

Molecular read-outs can also be used in NMR spectros-
copy to decipher comonomer sequences of complex macro-
molecules. For instance, noncovalent interactions such as
hydrogen bonds or p–p stacking can be used to associate
molecules to particular microstructural environments and
help to resolve sequences. For example, structurally defined
cleftlike molecules containing two parallel subunits capable
of interacting with substrates, so-called molecular tweezers,
have been recently developed by Colquhoun and co-workers
to analyze polyimide sequences.[44] These authors have shown
that complementary p–p stacking has significant potential for
the development of molecular-level information processing. It
was first shown that electron-rich tweezer-type molecules can
bind selectively to specific chain motifs containing 13
aromatic rings (sequence SIS in Figure 4a).[44a] Such a supra-
molecular association leads to a shift in imide resonance in
1H NMR spectroscopy. Thus, the tweezers can be used to
detect and quantify SIS sequences in complex copolymers.
Indeed, in the absence of the tweezers, the imide groups of
a copolymer usually lead to a unique NMR signal, whereas in
the presence of the tweezers the SIS signal is split off from the
main imide peak and can be therefore integrated. In a more
recent publication, it was reported that sequence selectivity in
binding can be achieved through the introduction of minor
variations in the tweezer structure.[15b] For instance, a specific
tweezer was also found for the sequence ISI (Figure 4b).
Thus, different tweezers can be used to finely analyze the
sequences of a given copolymer by NMR spectroscopy.
Besides the tweezers developed by Colquhoun and co-
workers, other types of supramolecular read-outs can be used
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in NMR spectroscopy. For instance, Ramkumar and Ram-
akrishnan have recently shown that supramolecular interca-
lators can be used to study the sequences of donor–acceptor
macromolecular foldamers.[45]

3.2. Kerr Effect

For several decades 13C NMR spectroscopy in solution has
been used as premier experimental means for elucidating the
microstructure of synthetic copolymers. However, as high-
lighted in Section 3.1, NMR spectroscopy is generally only
sensitive to relatively local, short-range microstructures.[38b]

The sensitivity is often limited to stereosequences at (or
below) the pentad or hexad levels, and comonomer sequences
at the diad or triad levels, which at best do not extend along
the polymer backbone beyond nanometer length. For de-
tailed microstructure analysis, one needs not only to identify
such constituent short-range microstructures, but it is also
necessary to locate their positions along the copolymer chains.
For this aspect, additional assessment techniques may be of
benefit. For instance, as a potentially sensitive means to
resolve much longer-range microstructures and to probe the
complete macromolecule, electrical birefringence—the Kerr
effect—measured in dilute polymer solutions under a strong
electric field can be addressed.[46] In fact, Tonelli and co-
workers have demonstrated the efficiency of this method as
a result of the fact that the Kerr coefficient—the molar Kerr
constant—of polymers depends on the overall polarizability
tensor or changes of the magnitude and/or orientation of its
overall dipole moment vector with respect to the direction of
its maximum polarizabity, thus enabling the whole character-
ization of a polymer chain microstructure.[46, 47] In most of the
reported studies, Tonelli and colleagues have focused on the
molar Kerr constant of diverse copolymers of styrene with
different microstructures.[48] However, this analysis is not
restricted to such copolymers. In a recently published

perspective article, Tonelli notes that homo- and copolymers
with a wide variety of chemical structures could be analyzed
using Kerr effect measurements.[46] It was pointed out that this
macroscopic property of the polymer could be determined
even in cases where the difference between the birefringence
induced by the applied electric field and contributed by the
polymer solute is small. Thus, it should be emphasized that
the characterization of complete polymer microstructures
appears feasible by Kerr-effect measurements. Although
currently underexplored, this technique will probably lead
to interesting developments in the future for the sequence-
analysis of synthetic polymer materials.

3.3. Mass Spectrometry

Over the last twenty years, soft ionization mass spectrom-
etry has played an increasingly important role in polymer
analysis. In particular, MALDI-TOF MS has opened up many
opportunities for macromolecular structure characteriza-
tion.[49] For instance, the relevance of MALDI-TOF MS for
comonomer sequence analysis was recognized during the
early developments of this technique. Interesting thoughts
about MALDI-TOF sequence analysis can be found in early
reviews by Montaudo and Nielen.[50] In fact, many early
examples of comonomer sequences analysis by MALDI-TOF
MS were reported by the group of Montaudo, who has
studied, for example, the comonomer sequences of poly-
esters,[51] polyamides,[52] and poly(ester amides).[53] However,
it should be noted that in most of these works small oligomers,
obtained by chemical degradation (see Section 3.4) or post-
source decay fragmentation of longer chains, were studied by
MALDI-TOF MS.

As discussed in Section 2.1, tandem mass spectrometry
(i.e., MS/MS and MSn) is a useful technique for the sequence
analysis of macromolecules. Detailed information about the
utilization of these methods for the characterization of
synthetic polymers can be found in recent comprehensive
reviews.[55] The sequencing of non-natural polymers by MS/
MS has been reported. For instance, Liskamp and co-workers
have described the sequence analysis of monodisperse
peptoids.[56] Longer sequences were afterwards studied using
MS/MS by Zuckermann and co-workers.[54] For example,
Figure 5 shows the MS/MS sequencing of a 10-mer peptoid. In
this case, the oligomer was attached to a brominated moiety,
which serves as an isotope tag and simplifies MS/MS analysis.
Very recently, Leigh and co-workers described a fascinating
example of an artificial molecular machine which allows
synthesis of monodisperse sequence-defined oligopepti-
des.[13 h] In particular, the authors have used tandem mass
spectrometry to confirm the synthesis of a peptide tetramer
with this machine.[57] The utilization of MS/MS methods for
the characterization of comonomer sequences in more com-
plex polydisperse samples has also been reported.[58] For
instance, Studer and co-workers have recently examined the
comonomer sequences of well-defined copolymers synthe-
sized by nitroxide mediated polymerization.[59] Substantial
information about the copolymers microstructure was ob-
tained in this study. This example is particularly interesting

Figure 4. Recognition of specific polyimide sequences by supramolec-
ular tweezers: a) tweezer that specifically binds to the sequence SIS.
b) tweezer that specifically binds to the sequence ISI. The letters I and
S represent a diarylpyromellitimide unit and a bis(arylsulfonyl)-4,4-
biphenylene unit, respectively. Reprinted with permission from
Ref. [15b], copyright Macmillan Publishers 2010.
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because it shows that MS/MS sequence analysis is not
restricted to polymers containing heteroatoms in their back-
bones (e.g., polyesters or polyamides) but can also be used to
study polymers with C�C backbones synthesized by con-
trolled radical polymerization. It seems therefore obvious
that mass spectrometry will play an important role in future
sequence analytics. For additional thoughts on the topic, the
reader is guided to an excellent recent review by Altuntas and
Schubert.[60]

3.4. Cleavage/Depolymerization

As shown in the first part of this Minireview, chain
cleavage is an efficient approach for macromolecular se-
quencing. Both the Edman method[18] (Figure 1b) and the
Maxam–Gilbert approach[9] are based on the controlled
chemical degradation of macromolecules. Such cleavage
strategies are indeed also relevant for studying comonomer
sequences in synthetic copolymers. In fact, such degradation
approaches were widely used during the early days of polymer
science (i.e., before the widespread utilization of NMR and
MS methods) to study the composition and comonomer
sequences of copolymers. For instance, oxidative, enzymatic,
hydrolytic, and thermal degradation mechanisms have been
examined to analyze sequences.[61] Some of these early studies
have been summarized in an interesting highlight published
by Harwood about 50 years ago.[62] Additionally, a broad body
of literature already exists on polymer degradation because
the stability, chemical degradability, and biodegradability of
synthetic macromolecules have been studied for decades.[63]

Generally speaking, linear polymer backbones do degrade by
two main mechanisms: 1) random chain scission and 2) chain-
end depolymerization (i.e., unzipping). Both mechanisms are
interesting in the context of polymer sequencing. For
example, chemically- or enzymatically-induced random chain

scission was used for the sequence analysis of natural
polyesters such as poly(3-hydroxybutyrate-co-3-hydroxyval-
erate).[51] In such approaches, the copolymer is first chopped
into small oligomers which are afterwards analyzed by NMR
or MS methods.[64] Comparable strategies can also be
developed for unnatural polyesters. For instance, it was
recently shown that the degradation profile of aliphatic
copolyesters strongly depends on sequence distribution.[65]

Likewise, Meyer and co-workers have reported that alternat-
ing and random poly(lactic acid-co-glycolic acid) copolymers
exhibit dramatically different hydrolysis behaviors.[66] This
recent work confirms that main-chain degradation is a very
useful approach for the analysis of sequences in synthetic
polymers. Another interesting example was recently pub-
lished by Aoshima and co-workers.[67] In this work, alternating
polymers of a conjugated aldehyde and an alkyl vinyl ether
were degraded into low-molecular-weight compounds which
were isolated and characterized.

Perhaps even more interestingly, unzipping mechanisms
could be used for the sequencing of synthetic macromole-
cules. Some examples of copolymer thermal unzipping have
been reported.[68] However, these experiments are usually
performed at high degradation temperatures, and unzipping
processes often coexist with random chain cleavage and other
side reactions.[69] In general, copolymers do not depolymerize
in a controlled fashion as some homopolymers do.[70] Never-
theless, over recent years, it was shown that chain-end
depolymerization can proceed in a more controlled manner
if appropriate conditions are used.[71] For instance, interesting
deconstruction mechanisms have been described in the
emerging context of self-immolative polymers.[72] The degra-
dation of these polymers is triggered by a specific chemical
reaction and proceeds afterwards sequentially. The kinetics of
depolymerization of such macromolecules could be possibly
slowed down to analyze their monomer sequences. A first
step in that direction was recently reported by Li and co-
workers.[73] By performing time-dependent 1H NMR meas-
urements during of degradation of polyesters obtained by
a Passerini multicomponent polymerization and a subsequent
hydrogenation, it was observed that the depolymerization can
occur in a controllable unzipping manner by an intramolec-
ular cyclization yielding cyclic small molecules. Of course,
such unzipping approaches would be more relevant if
monodisperse sequence-defined analytes could be synthe-
sized, but as shown in many recent studies,[12] that goal is not
too far away.

3.5. Nanopore Analysis of Synthetic Polymers

As highlighted in Section 2.2.3, nanopore sequencing is
now a popular method for the sequence analysis of biomac-
romolecules. However, although significant research effort
has been devoted to nucleic acids, very few studies have been
dedicated to the nanopore analysis of nonbiological macro-
molecules. So far, most of the reported studies have focused
on poly(ethylene glycol) (PEG).[74] About two decades ago,
Bezrukov, Kasianowicz, and co-workers[74a] showed that
water-soluble PEG chains could be detected in the aqueous

Figure 5. Tandem mass spectrometry (MS/MS) sequencing of a pep-
toid decamer containing an oligo(ethylene glycol) spacer and a halogen
mass tag that facilitates MS analysis. Redrawn with permission from
Ref. [54]. Copyright ACS 2006.
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cavity of staphylococcus aureus a-toxin using ionic-current
blockade methods. In this work, the experiments were
performed with PEG macromolecules in a range of low-
molecular masses (the number average molecular weight,
Mn< 10 kDa) and at relatively low mass concentration
(c�15 %), in a dilute regime where the chains are not
entangled. Afterwards, PEG single-chain analysis in a-
hemolysin nanopores was also studied experimentally and
theoretically.[75] In particular, the parallel high-resolution
chip-based technology introduced by the group of Behrends
allows refined analysis of the molecular-weight distribution of
PEG samples.[76] Besides PEG, a few polyectrolytes, such as
dextran sulphate[77] and polystyrene sulfonate,[78] have been
studied in protein nanopores. However, nanopore studies of
synthetic water-soluble polymers remain limited, so far, to
linear homopolymers. Recently, some theoretical studies have
addressed the behavior of more complex macromolecules in
confined nanopores. For instance, Sakaue and Brochard-
Wyart have recently described the behavior of branched
polymers in pores.[79] Perhaps more importantly, Muthukumar
and co-workers have examined the pore translocation of
heterogeneous copolymers containing charged and un-
charged blocky sequences.[80] In particular, it was shown that
the probability and the rate of translocation strongly depend
on the copolymer microstructure. These interesting results
suggest that a refined analysis of synthetic comonomer
sequences may be achievable in nanopores.

4. Outlook

Important progress has been made during the last 80 years
for the analysis of comonomer sequences in synthetic and
natural macromolecules. However, there is a true difference
between sequencing and sequence distribution analysis.
Monodisperse sequence-defined polymers such as proteins
and DNA can be fully sequenced (i.e., comprehensive
deciphering of comonomer sequences from one chain end
to the other). In contrast, polydisperse polymer samples, in
which all chains have slightly different primary structures, can
only be described by an average of comonomer distribution.
Nevertheless, as shown in this Minireview, the analogies
between protein sequencing, DNA sequencing, and conven-
tional polymer analytics are evident. For instance, the
strategies developed during the early days of macromolecular
science for analyzing sequences in proteins[6] and synthetic
polymers[61a] present obvious similarities. In fact, as under-
lined in this Minireview, biopolymers and synthetic polymers
have many analytical tools in common. Yet, the fact that
synthetic copolymers cannot be fully sequenced as are
biopolymers is probably due to two main reasons. First, the
range of available synthetic copolymers is broad and
diverse.[81] Thus, for a given type of copolymer, a few sequence
analysis studies are usually available, whereas, in comparison,
thousands of publications have been devoted to proteins. The
second crucial point is that the primary structure of most
synthetic copolymers is ill-defined. Full copolymer sequenc-
ing would only make sense if monodisperse information-
containing copolymers could be prepared.[15a] Recent progress

in the field of sequence-controlled polymers clearly shows
that a new era in synthetic polymer science has emerged.[12a]

In this challenging and exciting context, new options need to
be urgently considered for the sequencing of synthetic
copolymers. In fact, some recent approaches described in
the third section of this Minireview suggest that full sequenc-
ing of synthetic macromolecules is most probably attainable.
For instance, tandem mass spectrometry, chemical cleavage,
and nanopore analysis are promising methods for non-natural
polymer sequencing. It should, however, be noted that some
synthetic polymers might be easier to sequence than others.
For instance, atactic polymers with fully carbonated back-
bones, prepared using popular controlled radical polymeri-
zation methods, are probably not ideal structures for
sequencing. Yet, polymer chemistry offers many other options
for creating readable macromolecular analytes. We therefore
hope that the present text will inspire our peers to pursue
further research in the field of macromolecular sequencing.
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[64] E. Zagar, A. Kržan, G. Adamus, M. Kowalczuk, Biomacromol-
ecules 2006, 7, 2210 – 2216.

[65] C. M. Thomas, J.-F. Lutz, Angew. Chem. 2011, 123, 9412 – 9414;
Angew. Chem. Int. Ed. 2011, 50, 9244 – 9246.

[66] a) R. M. Stayshich, T. Y. Meyer, J. Am. Chem. Soc. 2010, 132,
10920 – 10934; b) J. Li, R. M. Stayshich, T. Y. Meyer, J. Am.
Chem. Soc 2011, 133, 6910 – 6913; c) J. Li, S. N. Rothstein, S. R.
Little, H. M. Edenborn, T. Y. Meyer, J. Am. Chem. Soc. 2012,
134, 16352 – 16359.

[67] Y. Ishido, A. Kanazawa, S. Kanaoka, S. Aoshima, Macromole-
cules 2012, 45, 4060 – 4068.

[68] a) J. K. Haken, T. R. McKay, Anal. Chem. 1973, 45, 1251 – 1257;
b) T. Shimono, J. Anal. Appl. Pyrolysis 1979, 1, 77 – 84; c) M. S.
Choudhary, K. Lederer, Eur. Polym. J. 1982, 18, 1021 – 1027.

[69] a) N. Grassie, D. R. Bain, J. Polym. Sci. Part A 1970, 8, 2653 –
2664; b) D. A. Smith, J. W. Youren, Br. Polym. J. 1976, 8, 101 –
117; c) G. Pan, H. Li, Y. Cao, J. Appl. Polym. Sci. 2004, 93, 577 –
583.

[70] H. McCormick, J. Chrom. A 1969, 40, 1 – 15.
[71] G. Schliecker, C. Schmidt, S. Fuchs, T. Kissel, Biomaterials 2003,

24, 3835 – 3844.

[72] a) A. Sagi, R. Weinstain, N. Karton, D. Shabat, J. Am. Chem.
Soc. 2008, 130, 5434 – 5435; b) G. I. Peterson, M. B. Larsen, A. J.
Boydston, Macromolecules 2012, 45, 7317 – 7328; c) S. T. Phillips,
A. M. DiLauro, ACS Macro Lett. 2014, 3, 298 – 304.

[73] L.-J. Zhang, X.-X. Deng, F.-S. Du, Z.-C. Li, Macromolecules
2013, 46, 9554 – 9562.

[74] a) S. M. Bezrukov, I. Vodyanoy, R. A. Brutyan, J. J. Kasianowicz,
Macromolecules 1996, 29, 8517 – 8522; b) J. E. Reiner, J. J.
Kasianowicz, B. J. Nablo, J. W. F. Robertson, Proc. Natl. Acad.
Sci. USA 2010, 107, 12080 – 12085; c) L. Movileanu, H. Bayley,
Proc. Natl. Acad. Sci. USA 2001, 98, 10137 – 10141.

[75] a) G. Baaken, M. Sondermann, C. Schlemmer, J. R�he, J. C.
Behrends, Lab Chip 2008, 8, 938 – 944; b) A. G. Oukhaled, A.-L.
Biance, J. Pelta, L. Auvray, L. Bacri, Phys. Rev. Lett. 2012, 108,
088104; c) A. Balijepalli, J. W. F. Robertson, J. E. Reiner, J. J.
Kasianowicz, R. W. Pastor, J. Am. Chem. Soc. 2013, 135, 7064 –
7072; d) M. F. Breton, F. Discala, L. Bacri, D. Foster, J. Pelta, A.
Oukhaled, J. Phys. Chem. Lett. 2013, 4, 2202 – 2208.

[76] a) G. Baaken, N. Ankri, A.-K. Schuler, J. R�he, J. C. Behrends,
ACS Nano 2011, 5, 8080 – 8088; b) G. Baaken, et al., Biophys. J.
2012, 102, 28A – 28A.

[77] a) L. Brun, M. Pastoriza-Gallego, G. Oukhaled, J. Math�, L.
Bacri, L. Auvray, J. Pelta, Phys. Rev. Lett. 2008, 100, 158302;
b) G. Gibrat, M. Pastoriza-Gallego, B. Thiebot, M.-F. Breton, L.
Auvray, J. Pelta, J. Phys. Chem. B 2008, 112, 14687 – 14691; c) G.
Oukhaled, L. Bacri, J. Mathe, J. Pelta, L. Auvray, Europhys. Lett.
2008, 82, 48003.

[78] R. J. Murphy, M. Muthukumar, J. Chem. Phys. 2007, 126, 051101.
[79] T. Sakaue, F. Brochard-Wyart, ACS Macro Lett. 2014, 3, 194 –

197.
[80] S. Mirigian, Y. Wang, M. Muthukumar, J. Chem. Phys. 2012, 137,

064904.
[81] J.-F. Lutz, Nat. Chem. 2010, 2, 84 – 85.

Polymer Sequencing
Angewandte

Chemie

13019Angew. Chem. Int. Ed. 2014, 53, 13010 – 13019 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/macp.200900236
http://dx.doi.org/10.1002/macp.200900236
http://dx.doi.org/10.1039/tf9393501073
http://dx.doi.org/10.1002/macp.1964.020710105
http://dx.doi.org/10.1021/ma60048a010
http://dx.doi.org/10.1002/ange.19650772404
http://dx.doi.org/10.1002/anie.196510511
http://dx.doi.org/10.1002/anie.196510511
http://dx.doi.org/10.1002/ange.201103076
http://dx.doi.org/10.1002/anie.201103076
http://dx.doi.org/10.1021/ja102670n
http://dx.doi.org/10.1021/ja102670n
http://dx.doi.org/10.1021/ja200895s
http://dx.doi.org/10.1021/ja200895s
http://dx.doi.org/10.1021/ja306866w
http://dx.doi.org/10.1021/ja306866w
http://dx.doi.org/10.1021/ma3004828
http://dx.doi.org/10.1021/ma3004828
http://dx.doi.org/10.1016/0165-2370(79)80007-8
http://dx.doi.org/10.1016/0014-3057(82)90200-2
http://dx.doi.org/10.1002/pol.1970.150080930
http://dx.doi.org/10.1002/pol.1970.150080930
http://dx.doi.org/10.1002/pi.4980080402
http://dx.doi.org/10.1002/pi.4980080402
http://dx.doi.org/10.1002/app.20481
http://dx.doi.org/10.1002/app.20481
http://dx.doi.org/10.1016/S0021-9673(01)96613-0
http://dx.doi.org/10.1016/S0142-9612(03)00243-6
http://dx.doi.org/10.1016/S0142-9612(03)00243-6
http://dx.doi.org/10.1021/ja801065d
http://dx.doi.org/10.1021/ja801065d
http://dx.doi.org/10.1021/ma300817v
http://dx.doi.org/10.1021/mz5000784
http://dx.doi.org/10.1021/ma402191r
http://dx.doi.org/10.1021/ma402191r
http://dx.doi.org/10.1021/ma960841j
http://dx.doi.org/10.1073/pnas.1002194107
http://dx.doi.org/10.1073/pnas.1002194107
http://dx.doi.org/10.1073/pnas.181089798
http://dx.doi.org/10.1039/b800431e
http://dx.doi.org/10.1021/ja4026193
http://dx.doi.org/10.1021/ja4026193
http://dx.doi.org/10.1021/jz400938q
http://dx.doi.org/10.1021/nn202670z
http://dx.doi.org/10.1021/jp808088y
http://dx.doi.org/10.1209/0295-5075/82/48003
http://dx.doi.org/10.1209/0295-5075/82/48003
http://dx.doi.org/10.1063/1.2435717
http://dx.doi.org/10.1021/mz400598t
http://dx.doi.org/10.1021/mz400598t
http://dx.doi.org/10.1063/1.4742970
http://dx.doi.org/10.1063/1.4742970
http://dx.doi.org/10.1038/nchem.530
http://www.angewandte.org

