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ABSTRACT: Poly-L-lysine (PLL), polystyrenesulfonate (PSS), and a
mixture of these polyelectrolytes were investigated by electrospray
ionization ion mobility mass spectrometry. The IM step confirmed the
formation of noncovalent (i.e., supramolecular) complexes between these
polyelectrolytes, which were detected in various charge states and
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stoichiometries in the presence of their constituents. Experimental and goiee™’ veiserettt
theoretical collision cross sections (CCSs) were derived for both PLL and T e R

PSS oligomers as well as their noncovalent assemblies. PSS chains showed

higher compactness with increasing size as compared to PLL chains, miz

indicating that the intrinsic conformations of the polyelectrolytes depend on

the nature of the functional groups on their side chains. The CCS data for the noncovalent complexes further revealed that
assemblies with higher PLL content have higher CCS values than other compositions of similar mass and that PLL-PSS
complex formation is accompanied by significant size contraction.
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B INTRODUCTION

Polyelectrolytes are molecules comprised of a large number of
functional groups that are charged or could become charged
under certain circumstances.' > Their ability to interact
noncovalently with oppositely charged biomolecules has led
to widespread use in biomedical and sensing devices, tissue
engineering, and drug delivery systems.’”” Polyelectrolytes are
also employed as functional agents for the modification of inert
material surfaces; for example, alternating layer-by-layer (LBL)
deposition of positive and negative polyelectrolytes on a
surface is a simple and inexpensive method for composmg
biocompatible, durable, and biologically relevant surfaces.®

The conformation of noncovalent polyelectrolyte complexes
is a critical determinant of their properties and suitability for
the above-mentioned applications. Conformational character-
ization of such assemblies also provides useful information for
understanding interaction mechanisms in biomolecular recog-
nition and drug/biomolecule delivery systems.'””'* Mass
spectrometry (MS) enables the identification of noncovalent
complex stoichiometries with high accuracy and sensitivity,
provided a soft ionization technique is used, such as
electrospray ionization (ESI), which can gently transfer fragile
complex structures in intact form solution (where they are
formed) into the gas phase of the mass spectrometer for
measurement of their masses and compositions.'”~"* Addi-
tional information about the connectivity, topology, and spatial
arrangement of noncovalent assemblies can be gained by
tandem mass spectrometry (MS/MS) and/or ion mobility
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mass spectrometry (IM-MS).””~" The IM-MS method’
allows separation not only by mass and charge but also
according to size and shape features, thus unveiling 3D
structural detail that is difficult to obtain by other techniques
from multicomponent mixtures,”' ~** especially those arising
from noncovalently interacting species.”” > Interfacing IM-
MS with the soft ionization conditions of ESI makes it possible
to preserve the noncovalent interactions present in such
macromolecular assemblies, so that their higher order
structures can be examined.'”*””*" In this study, ESI-IM-MS
is used to characterize the conformational features of poly-L-
lysine (PLL), polystyrenesulfonate (PSS), and their complexes.
PLL is a cationic poly(amino acid) that is commonly used as a
biomolecular carrier due to its high biocompatibility.**~*°
Conversely, PSS is a widely used polyanion in polymer and
biomedical engineering due to its ability to form complexes
with various types of positively charged species in a wide pH
range.”’ ~** The positively charged amine pendants in PLL
provide an accessible interaction interface for negatively
charged polyelectrolytes like PSS. Several studies have
suggested that PLL—PSS complexes formed on solid materials
add functionality and biocompatibility to the surfaces and also
facilitate the immobilization of guest molecules on them.*' ~**
IM-MS studies can divulge fundamental information about the
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sizes/shapes and conformations of the polyelectrolyte com-
plexes. This structural insight would shed light on conforma-
tional changes occurring during LBL depositions, aid
structure/property correlations on the ability of polyelectrolyte
complexes to capture guest molecules, and could also help to
understand how polyelectrolyte films react when in contact
with biological media in vivo.

B EXPERIMENTAL SECTION

Materials. Poly-L-lysine (PLL) hydrobromide (mol wt
500—2000 Da), poly-pL-alanine (mol wt ~1500—5000 Da),
and all solvents were purchased from Sigma-Aldrich (St. Louis,
MO). Polystyrenesulfonate (PSS) sodium salt with M,, ~ 1100
Da was purchased from Polymer Standards Service-USA, Inc.
(Amherst, MA). All samples were used as received.

lon Mobility Mass Spectrometry. All experiments were
carried out with a SYNAPT HDMS hybrid quadrupole/time-
of-flight (Q/ToF) mass spectrometer (Waters, Manchester,
UK) equipped with ESI and traveling wave IM-MS capabilities.
In traveling wave IM-MS, a series of continuous potential
waves drives ions through a drift tube filled with an inert bath
gas (typically nitrogen) flowing in the opposite direction of the
ion motion.” Collisions between the ions with the gas slow
down the ion movement. Since ions with higher collision cross
section (CCS) collide more frequently with the gas, they drift
more slowly through the drift tube than ions of smaller CCS.
The value of CCS, which is a physical property that reflects 3D
ion structure and conformation, can be derived from the
corresponding measured drift time. In traveling wave IM-MS,
there is no direct relationship between experimentally
determined drift time and CCS; instead, CCS data are
deduced by calibrating the drift time scale with standard
samples of known collision cross section.””***” Singly and
doubly protonated polyalanine ions were used as calibrants in
this study (cf. Table S1 and Figure S7).

Solutions of PLL and PSS were prepared in water containing
30% methanol (v/v) or 10 mM ammonium acetate (NH,OAc)
containing 30% methanol (v/v) at a concentration of 0.03 mg/
mL (~0.02—0.03 mM for both polymers). Equal volumes of
these solutions were mixed to form PLL—PSS complexes. The
PLL, PSS, and PLL—PSS solutions were infused into the ESI
source at a flow rate of 5.0 yL/min. For PLL and PLL—PSS,
the solutions formed in water or NH,OAc led to
indistinguishable ESI-MS and ESI-IM-MS data in positive- or
negative-ion mode. This was also true for PSS in negative-ion
mode; on the other hand, only the NH,OAc solution of PSS
resulted in positive ion spectra with useable signal/noise ratio.

ESI mass spectra in positive-ion mode, ESI-MS(+), were
acquired under the following settings: capillary voltage 2.5 kV,
sampling cone voltage 40 V, extraction cone voltage 2.5 V,
source temperature 80 °C, and desolvation gas flow rate 600 L
h™ (N,) at 150 °C. The trap and transfer cell collision energy
values were set at 4.0 and 6.0 eV, respectively. ESI-IM-MS(+)
experiments were performed using a traveling wave height of
8.0V, a traveling wave velocity of 350 m/s, and a IM bath gas
(N,) flow rate of 22.7 mL/min. The PLL—PSS solution was
also characterized in negative ion mode by ESI-MS(—) and
ESI-IM-MS(—), using the settings described in the Supporting
Information. Data analysis was carried out using the MassLynx
4.1 and DriftScope 2.0 programs provided by Waters.

Calculation of Theoretical Collision Cross Sections.
The semiempirical parametric method 6 (PM6) was used for
geometry optimizations and harmonic vibrational frequency
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computations for positive ions from the compounds and
complexes considered.*® Molecular volume computations were
carried out using density functional theory (DFT) at the
B3LYP/6-31+G(d) level.”” ™' Grimme’s third-generation
dispersion correction was also applied for the noncovalent
PLL—PSS complexes.”” Theoretical CCS values in nitrogen
bath gas were calculated by the hard-sphere approximation®”
using the “recommended radius” of each structure and
nitrogen molecule (2.69 A). All computations were performed
with the Gaussian 09 suite of programs.”

B RESULTS AND DISCUSSION

MS Characterization of PLL—PSS Complexes. The
polyelectrolytes poly-L-lysine (PLL) and poly-
(styrenesulfonate) (PSS) were initially analyzed individually
by ESI-MS(+) before investigating the characteristics of their
mixture. The ESI mass spectrum of PLL includes several ion
distributions in the range m/z 147—659, cf. Figure S1 in the
Supporting Information. The most abundant ions represent
singly and doubly protonated PLL chains with H— and —OH
end groups. The distance between consecutive PLL peaks is
128/n, with 128 Da corresponding to the mass of a lysine
repeating unit (C4H;,N,0) and 7 to the number of charges.
Signals with low intensity resulting from either H*/Na" and
H*/K* exchanges in the singly charged species or consecutive
H,O and NHj losses from the singly as well as doubly charged
chains are also present in the ESI-MS spectrum. The largest
PLL oligomers observed are the S-mer with one charge (m/z
659.5) and the 6-mer with two charges (m/z 394.3). The
sensitivity for detecting longer chains is significantly improved
after IM separation, as documented by Figure S2, which
displays the ESI mass spectrum extracted from the IM-MS
region containing doubly charged PLL ions. Now, PLL chains
up to 11-mer are clearly visible above noise level, along with
H,O and NH; losses from these oligomers. Interestingly, the
extent of consecutive H,O and NH; losses decreases
substantially with the degree of polymerization; this trend is
attributed to more extensive intramolecular hydrogen bonding
in the longer chains, which evidently depresses the elimination
of heteroatoms involved in such noncovalent interactions.

The PSS sample examined was supplied as the sodium salt,
containing a —SO;Na moiety in each repeating unit, which
promotes ionization to negative ions. When mixed with an
acidic compound, a polyamine, or NH,OAc buffer, however,
PSS sodium salt undergoes extensive —SO;Na — —SO;H
exchange and is readily ionized to positive ions as well. Figure
S3 shows the ESI-MS(+) spectrum obtained from a 10 mM
ammonium acetate solution. It is dominated by sodiated PSS
oligomers with C,Ho— and —H end groups and the
connectivity [C,Hy-(CsH,SO;H),-H + Na]*, ranging from
the 2-mer to the 8-mer. Distributions of doubly sodiated (2+
charges) and singly ammoniated (1+ charge) ions are also
observed in the mass spectrum with lower intensities. Again,
using IM-MS allows to extend the detectable mass range; this
is attested by the ESI-IM-MS(+) spectrum extracted from the
region of doubly charged ions, which includes PSS oligomers
up to 1l-mer, cf. Figure S4. Mainly [M + 2Na]** ions are
observed, but [M + 2NH,]*" and [M + Na + NH,]*" species
are also present in the mass spectrum, along with ions still
containing one or more —SO;Na pendants (M = C,Hy
(CgH,SO;H),,-H). It is noteworthy that neither PSS nor PLL
form self-association products.
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Figure 1. ESI-MS(+) spectrum of the mixture of PLL and PSS; # indicate signals corresponding to loss of water and ammonia from PLL oligomers.
L = PLL repeating unit (C4H;,N,0); S = PSS repeating unit (CgHgSO;). The inset shows the 2D IM-MS mobilogram (m/z vs drift time) of the
PLL + PSS mixture; circled regions correspond to PLL oligomers (in various charge states) and PLL—PSS complexes in charge states 2+, 3+, and

4+.
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Figure 2. Mass spectra extracted from the 2D ESI-IM-MS(+) regions comprising PLL—PSS complexes in charge state 2+ (top), 3+ (center), or 4+
(bottom). Black and green asterisks indicate ions in which one or two protons, respectively, are exchanged with Na* ions.

Figure 1 shows the ESI-MS(+) spectrum of an approx-
imately equimolar mixture of PLL and PSS, which includes
several distributions of PLL oligomers and PLL—PSS non-

covalent complexes in different charge states. This complexity

is simplified, and the dynamic range significantly increased by
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IM-MS. The IM dimension separates by both charge state and

collision cross section (CCS), spreading the i

ons formed upon

ESI into a 2D map with well separated mobility regions for the

unreacted PLL and the PLL—PSS complexes
4+ charges (see inset in Figure 1).

with 2+, 3+, and
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The mass spectra extracted from the 2D ESI-IM-MS(+)
regions comprising PLL—PSS complexes in charge state 2+,
3+, or 4+ are depicted in Figure 2. The noncovalent complex
stoichiometries observed are labeled by S,L,, where S and L
symbolize the PSS and PLL repeating units (CsHgSO; and
C¢H;,N,0O, respectively), and m or n the corresponding
degrees of polymerization; end groups have been omitted from
this notation for brevity. The polyelectrolyte complexes are
predominantly detected as [S,L, + xH]* ions due to the
extensive —SO;Na — —SO;H exchange occurring when PSS
sodium salt is mixed with PLL in aqueous solution (vide
supra). Ions that retain 1-2 Na* ions are also detected and have
been marked by asterisks. Expectedly, complexes with longer
PLL and PSS chains can accommodate more charges without
destabilizing like-charge repulsion and, thus, are more
abundant in higher charge states. The most abundant
assemblies contain more PLL than PSS units, which makes it
easier to maintain a net positive charge in the resulting
complex. These trends are reflected by the dominant complex
ions with 2+, 3+, and 4+ charges, which are S,Ls, S,L, and
SiL,o, respectively (cf. Figure 2, top to bottom).

Noncovalent PLL—PSS complexes are also detected in
negative ion mode, as attested by the ESI-MS(—) spectrum in
Figure SS; however, the total ion intensity is significantly lower
than in positive mode. ESI-IM-MS(—) analysis further shows
that the polyelectrolyte complexes form mainly [S,,L, — 2H]*~
along with less abundant [S,L, — 3H]*" ions, cf. Figure S6.
Expectedly, the negatively charged complexes include more S
than L units (ie. a larger m/n ratio), as compared to their
positively charged counterparts (Figure 1), which helps them
to form more stable negative ions.

Intrinsic Conformations of PLL and PSS Oligomers.
The conformational features of polyelectrolytes PLL and PSS
were evaluated by measuring the collision cross sections
(CCSs) of oligomers with 2+ charges and 4—11 repeating
units. The CCS is a size parameter related to the averaged
momentum transfer impact area of an ion as it travels through
the IM chamber;®® it reveals information about the
corresponding molecular 3D geometry (conformation). IM-
MS experiments provide the drift times of the traveling ions,
which were converted to experimental CCS data by calibrating
the drift time scale with singly and doubly protonated
polyalanine oligomers of known CCS. The CCS values of
the standards (N, buffer gas) are listed in Table S1, and the
resulting calibration curve is shown in Figure S7. Using this
calibration curve, the drift times of several doubly protonated
PLL oligomers, viz. [L, + 2H]*" (n = 4—11), and doubly
sodiated PSS oligomers, viz. [S,, + 2Na]** (m = 4—11), were
converted to experimental CCS values, as outlined in Tables
S2 and S3. The resulting data are summarized in Table 1 and
agree well with CCSs predicted by theory (cf. Table 1).

Plotting the experimental CCS data vs the corresponding
mass-to-charge ratios (Figure 3) unveils important information
about the intrinsic (gas-phase) packing efficiency of the
polyelectrolytes.”® For the chain lengths investigated (4-mer to
11-mer, cf. Table 1), CCS increases linearly with mass for both
PLL and PSS; however, the corresponding trend lines differ
significantly in slope, with that of PLL (y = 0.3447x + 166.5)
rising ~50% more steeply than the trend line of PSS (y =
0.2322x + 233.05). It is evident from this trend that the
intrinsic conformations of PSS oligomers become more
compact with increasing degree of polymerization than those
of PLL oligomers. PLL chains contain an amine group at the
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Table 1. Experimental and Theoretical Collision Cross
Sections of Poly-L-lysine (PLL) and Polystyrene Sulfonate
(PSS) Ions with 2+ Charges

[L, + 2H]* [S,, + 2Na]**
cCs (A2) CCs (A2)
norm m/z exp”  theor.”® m/z exp”  theor.”®
4 266.20 253 267 420.07 323 298
S 330.25 281 292 512.08 349 338
6 394.30 307 314 604.09 375 340
7 457.34 323 330 696.10 400 379
8 521.39 349 362 788.11 425 410
9 586.44 373 388 880.12 448 433
10 650.49 390 400 972.13 453 43S
11 714.54 408 426 1064.14 470 470

“Experimental collision cross section from ESI-IM-MS(+) drift times
(Tables S2 and S3). “Theoretical collision cross section, obtained
from the molecular volume computations. “The average difference
between experimental and theoretical CCSs is 4.1 (+2.2)%.
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Figure 3. Plot of experimental collision cross sections vs. mass-to-
charge ratios for doubly charged PLL ([L, + 2H]*, n = 4-11) and
PSS ([S,, + 2Na]*, m =4-11). PLL and PSS points are marked by 4
and M signs, respectively. The insets show the computationally

optimized structures of the 4-mers and 11-mers.

end of a long alkyl pendant on each repeating unit. Maximizing
hydrogen bonding interactions between these side groups and
between N—H protons and the backbone carbonyl groups
causes the formation of expanded conformations (see
computationally optimized structures of 4-mer and 11-mer in
Figure 3). Meanwhile, PSS oligomers have a repeating unit
with higher molecular weight; however, as seen in Figure 3,
they can form more compact structures than PLL oligomers,
because their repeating units can develop both electrostatic
interactions (hydrogen bonding) between the sulfonate groups
as well as 7—7 interactions between the phenyl rings.
Although the PLL and PSS polyelectrolytes were ionized
differently upon ESI (the former with protons and the latter
with sodium ions), the conformational features discussed
should be independent of the added ions and largely endowed
by the distinct backbone and side chain structures of PLL vs
PSS. This expectation was validated by examining doubly
charged PSS containing 2NH,*, a combination of NH," + Na*,
or 3Na* (less H*). In all cases, the CCSs are strikingly similar
to those of the doubly sodiated oligomers and follow a very
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similar trend line (cf. Table S$4). Such finding excludes that the
charge type causes the differences observed between the
compactness trends of PLL vs. PSS chains (Figure 3).
Conformational Features of Noncovalent PLL—PSS
Complexes. The collision cross sections derived from the IM-
MS drift times of the PLL—PSS polyelectrolyte complexes in
charge states 2+, 3+, and 4+ are summarized in Tables S5, S6,
and S7, respectively. Additionally, plots of these experimental
CCS data vs. the corresponding m/z values are depicted in
Figure 4. The distribution of points in Figure 4 closely
resembles the distribution of 2+, 3+, and 4+ bands in the 2D
IM-MS(+) mobilogram of PLL—PSS in Figure 1, as expected.
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Figure 4. Plot of experimental collision cross sections vs mass-to-
charge ratios for noncovalent (supramolecular) PLL—PSS complexes
in charge states 2+ ([S,L, + 2H]*"), 3+ ([S,L, + 3H]**), and 4+
([SL, + 4HI™).

For corroboration of the trends observed in the experimental
CCSs of the PLL—PSS complexes, theoretical CCS values were
calculated for doubly and triply protonated S,,L, ions with m =
3—7 and n = 4—8 (mass range 1141—2389 Da). The calculated
values are provided in Table 2 together with the corresponding
experimental CCSs. Very good agreement between calculated
and measured cross sections is observed, with the average
difference between theory and experiment being 2.1 (+1.2) %
for doubly protonated S,L, and 5.2 (£2.1)% for triply
protonated S, L, (cf. Table 2). Note that the data in Table 2
are listed in the order of increasing n for each value of m, in
order to visualize the effect in PLL vs PSS chain length,
whereas the data in Tables SS—S7 are listed in the order of
increasing m/z for correspondence with the plots of Figure 4.

The geometry-optimized structures of the S, L, complexes
confirm the presence of multiple noncovalent interactions in
the polyelectrolyte assemblies, both intermolecular as and
intramolecular. This is exemplified in Figure 5 for doubly
protonated S;L,, in which ion pairs (salt bridges) and
hydrogen bonds connect the PLL and PSS side chains.
Additionally, intrachain electrostatic interactions and 7—n
bonding stabilize the PLL and PSS frames, respectively,
resulting in a compact structure with a CCS value of 359 A?
(cf. Table 2).

In addition to the geometry-optimized structures described,
it is possible that alternative structures with similar CCSs exist.
Comprehensive calculations of the entire S, L, potential energy
surface are, however, beyond the scope of the present study,
especially since the above mentioned structures (cf. Figure 5)
yield CCSs that agree very well with the measured values and
observed CCS trends.

The CCSs of the PLL—PSS complexes rise in a roughly
linear fashion with mass (size) according to the plots in Figure
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Table 2. Experimental and Theoretical Collision Cross
Sections of Doubly and Triply Protonated PLL—PSS
Complexes

[S,L, + 2H]* [S,.L, + 3H]*

ccs (A2) CCs (A2)
S,.L, m/z exp”  theor”* m/z exp”  theor”
S;L, §71.27 359 359 381.18 374 357
S;Lg 635.32 381 391 423.88 385 392
S;Lg 699.37 411 391 466.58 417 405
S;L; 763.41 426 437 509.28 446 420
S;Lg 827.46 441 445 551.98 473 429
S,L, 663.28 381 390 442.52 407 390
S,Lg 727.33 398 412 485.22 417 400
S,Le 79138 422 433 52792 446 432
S,L; 855.42 444 441 570.62 464 452
SLs 91947 451 466 61332 497 459
SiL, 75529 402 405 503.86 437 413
SsLs 819.34 422 429 546.56 446 436
ScLg 88339 437 439 58926 464 443
SsL; 947.43 455 447 631.96 481 452
SsLg 1011.48 465 452 674.66 504 466
S¢Ly 847.30 422 440 565.20 464 423
SeLs 911.35 440 454 607.90 472 456
SeLs 97539 458 468 650.60 489 460
S¢Ly 1039.44 475 485 693.30 504 484
S¢Ls 1103.49 482 498 736.00 520 492
S.L, 929.31 444 451 626.54 481 444
S;Lg 1003.36 465 459 669.24 497 465
SLe 106741 482 478 71194 504 468
S;L, 1131.45 494 503 754.64 527 497
S;Lg 1195.50 510 524 797.34 534 517

“Experimental collision cross section from ESI-IM-MS(+) drift times
(see Tables S5 and S6). “Theoretical collision cross section, obtained
from the molecular volume computations. “The average difference
between experimental and theoretical CCSs is 2.1 (+1.2)%. “The
average difference between experimental and theoretical CCSs is 5.2
(£2.1)%.

4; however, it is obvious that certain points, especially for the
doubly and triply protonated noncovalent complexes, deviate
from this relationship. Complexes with a larger number of PLL
units, in particular, have higher CCS values as compared to
other complexes with similar mass. Likewise, complexes with
lower PLL content have smaller CCS values than nearby
complexes of comparable mass. These trends are more clearly
recognized in Figure 6, in which the regions containing the
most severely deviating points for complexes with 2+ and 3+
charges are circled and enlarged and the corresponding
stoichiometries are identified.

The increased size of PLL—PSS complexes containing
longer PLL chains is consistent with the CCS values and
trends observed for the individual polyelectrolytes, cf. Figure 3.
The 77— interactions between aromatic rings of PSS, which
amplify the compactness of this polymer, may be partly
interrupted when a noncovalent complex with PLL is formed.
This effect should be more prevalent if the PLL chain contains
more repeating units than the PSS chain; indeed, S,L,
complexes with low m/n ratio (i.e. longer PLL and shorter
PSS oligomers) have relatively high CCS values, especially for
overall small- to medium-sized complexes, like S;L¢, S;L,, S;Lg,
and S,L, with 2+ charges, or S;L,, S;Lg, and S,Lg with 3+
charges (Figure 6). On the other hand, complexes with m/n =
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Figure S. Geometry-optimized conformation of doubly protonated
S;L,. Large gray, small gray, red, blue, and yellow balls represent C, H,
O, N, and S atoms, respectively. The calculated CCS of this complex
is 359 A% (Table 2).
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Figure 6. Plot of experimental collision cross sections vs mass-to-
charge ratios for doubly and triply protonated S, L, complexes. The
regions of highest CCS variation between adjacent points are enlarged
to show the stoichiometries with particularly high or low CCS.

1 have lower CCSs than other complexes of similar m/z (cf.
expanded views in Figure 6). Interestingly, fluctuations in CCS
(and, hence, supramolecular size and compactness) diminish at
high m/z (ie, high m + n), presumably because larger
complexes offer an overall greater number of sites for
noncovalent intermolecular binding interactions.

Very similar trends are obtained for negatively charged
PLL—PSS complexes, as attested by Figure 7 which depicts the
drift times of doubly and triply deprotonated S, L, with m =
3—7 and n = 4—8 (cf. Tables S8—S9). CCS values were not
available in this case due to the lack of appropriate calibrants;
nonetheless, drift times are directly proportional to CCSs***°
and thus also reveal how supramolecular conformation varies
with complex stoichiometry. It is evident from Figure 7 that
the drift times of S,,L,, complexes with 2— and 3— charges rise
in roughly linear fashion with m/z ratio; however, complexes
with a higher number of PLL units (larger n) have higher drift
times (and hence larger CCS values) as compared to other
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Figure 7. Plot of ESI-IM-MS(—) drift times vs mass-to-charge ratios
for doubly and triply deprotonated S, L, complexes. The regions of
highest drift time (and hence also CCS) variation between adjacent
points are enlarged to show the stoichiometries with particularly high
or low compactness.

complexes with similar m/z. Likewise, complexes with low PLL
content have smaller drift times than nearby complexes with
comparable m/z. In either charge state, compactness increases
with increasing PSS content and vice versa.

Noncovalent S, L, complexes with longer PLL and PSS
chains are mostly observed with 4+ charges (cf. Figure 2). The
expanded view of the CCS vs m/z plot for this charge state
(Figure 8) reveals different trends of points, depending on the
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Figure 8. Expanded view of the plot of experimental collision cross
sections vs mass-to-charge ratios for quadruply protonated S,L,
complexes with m = 4—8 and n = 7—14. A different color is used
for each series of complexes with the same m.

number of PSS repeating units. Due to the repulsive forces
effective between like charges, conformations are generally
more extended with 4+ than with 3+ or 2+ charges, as is
evident from the CCS ranges in Figure 4 and Tables S5—S7;
this spreads the CCS points over a larger phase space, making
it easier to identify conformational trends as a function of
complex stoichiometry (i.e. of m and n). In the plot of Figure
8, separate trend lines are detected for each group of PLL—PSS
complexes with the same number of PSS repeating units (m
fixed). Within each line, the CCS increases with increasing
length of the PLL chain, corroborating that enlarging the
number of PLL repeating units may obstruct size-contracting
m—n interactions between the aromatic rings in the PSS
constituent of a complex. This assumption is supported by
inspecting the CCSs of complexes with the same PLL (n fixed)
but increasing PSS length; in several cases, adding a PSS
repeating unit (+184 Da) barely changes the cross section, see
for example S,Lg vs SsLg, S4Lg vs SsLo, SsLg vs S¢Lyg, and SsL;
vs SgL1; vs. S;L;;. This finding is attributed to the ability of the
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newly added PSS unit to develop not only new electrostatic
interactions with PLL but also intramolecular 7—7 interactions
with other PSS units, thus balancing the increase in mass with
higher compactness and minimal change in CCS.

The conformational changes taking place during supra-
molecular complex formation can be appraised from the CCS
values of the PLL—PSS complexes (Tables 2 and S7) vs their
PLL and PSS constituents (Table 1). This will be illustrated for
the reaction S, (2+) + L, (2+) = S,L, (4+), in which overall
charge state and like-charge repelling forces for reactants and
products are preserved. The combining reactants contribute
CCSs of 323 A* + 323 A? = 646 A (cf. Table 1), while the
product has a CCS of 512 A* (Table S7); hence, the size
shrinks by ~21% due to the development of intermolecular
and possibly new intramolecular noncovalent interactions
between the oppositely charged polyelectrolyte reactants.
Further, albeit smaller contractions are observed when the
charge state is reduced from 4+ (512 A% Table S7) to 3+ (464
A% Table 2) or 2+ (444 A% Table 2) due to lower repulsive
forces between like charges. For the complex sizes investigated,
shrinking by ~18-25% is observed upon supramolecular
assembly, with the degree of CCS reduction increasing as the
difference of PLL and PSS chain lengths (ie, n — m) is
decreased.

B CONCLUSIONS

In this study, poly-L-lysine (PLL) and polystyrene sulfonate
(PSS) oligomers and their supramolecular complexes were
characterized by ESI-IM-MS. The IM dimension was essential
for separating and identifying the noncovalent PLL—PSS
complexes in the presence of the individual polyelectrolyte
reactants. Complexes with various compositions and charge
states were observed, with complex stoichiometry dictating the
preferred number of charges added upon ESI.

The collision cross sections of doubly charged PLL and PSS
polyelectrolytes were measured in order to compare their
macromolecular compactness. Intrinsic polyelectrolyte con-
formations were shown to depend mainly on the nature of
functional groups located in the repeating units, which
determine what type(s) of noncovalent bonding networks
are formed.

Experimental CCS values were obtained for PLL—PSS
complexes with 2+, 3+, and 4+ charges. For the lower charge
states (2+, 3+), theoretical predictions were also acquired and
agreed very well with the measured data in both magnitude
and trends. Consistently larger sizes were found for
stoichiometries rich in PLL repeating units and vice versa;
this trend was also observed for PLL—PSS complexes with 2—
and 3— charges.

The conformational features of larger PLL—PSS complexes
with 4+ charges were also analyzed in this study. Based on
their CCSs, elongating the PLL chain increases proportionally
3D conformation, whereas elongating the PSS chain causes
minimal changes in 3D size, indicating that a high PSS content
brings upon greater compactness.

The CCS data of the quadruply charged complexes further
revealed that combining oppositely charged polyelectrolytes
(PLL and PSS) leads to a significant size contraction. Further
subtle changes in compactness vs. looseness can be achieved by
careful adjustment of the stoichiometry of the positive vs
negative polyelectrolyte chain. This information could be
useful in the fabrication of polyelectrolyte multilayer films by
the layer-by-layer method. In addition, the results of our study
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underscore the usefulness of IM-MS for the elucidation of the
conformational features of synthetic polyelectrolytes and their
supramolecular complexes, which may involve other synthetic
polyelectrolytes (as in the present study), natural polyelec-
trolytes (such as proteins or oligonucleotides), and drugs or
metabolites.
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