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Abstract

We synthesized three different polyzwitterions: poly(N,N-diallylglutamate) (PDAGA),
polydehydroalanine (PDha), poly(2-(imidazol-1-yl)acrylic acid) (PImAA), and investigated
how their ionization states respond to changes in solution pH. We used molecular
simulations to determine how the net charge per monomer and the ionization states of
individual acidic and basic groups differ from the ideal (Henderson-Hasselbalch) behavior. To
complement the theoretical predictions, we performed potentiometric titrations and zeta
potential measurements of all studied polyzwitterions. By comparing these experiments with
theoretical predictions we could show that molecular simulations can predict and explain the
origin of the differences between the effective and bare pK, values of individual titratable
groups. Furthermore, we have shown that it is not possible to obtain these effective pK,
values directly from the equivalence point recognition criterion (ERC), commonly used in
potentiometric titrations. However, the effective pK, values can be reliably obtained by
calculating the net charge per monomer from the potentiometric titration curves and
validating these results against theoretical predictions. The approach we propose works
reliably for polyzwitterions in which the ionization response is dominated by electrostatic
interactions, such as PDAGA or PDha, however, it fails if other specific interactions
contribute significantly, such as in the case of PImAA.

Introduction

Polyzwitterions represent an outstanding class of polymers that are currently discussed as
potential third generation of antifouling materials to overcome issues and expand the
application field of conventional antifouling materials like poly(hydroxyethyl methacrylate)
(PHEMA) or poly(ethyleneglycol) (PEG) based systems." The constant interest in these
materials is mainly based on their exceptional solution properties which feature high
hydrophilicity, solution stability under saline conditions, and responsive behavior towards
temperature and/or pH.? These properties arise from the interplay of charged functional
groups along the polymer to one another and towards their surroundings. Unlike typical
polyelectrolytes, with either poly-cationic or -anionic structure, polyzwitterions express both
anionic and cationic functionalities on the same pendant groups.® This balanced charge of
ionized groups can yield a zero net charge while at the same time allowing strong
electrostatically induced hydration of the material due to strong dipole pairs, rendering the

polymers with a tightly bound hydration layer and thus reduced bimolecular interactions.?
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Since zwitterionic structures occur in many biological structures like phosphatidylcholine in
cell membranes, amino acids, or betainic structures it is not surprising that artificial materials
mimicking these structures typically exhibit good biocompatibility,* cell and protein repellence
,° non-thrombogenic properties, and hemocompatibility.® In contrast to common hydrophilic
polymer systems, which tend to collapse upon the addition of salt, polyzwitterions tend to
stretch and maintain their hydrophilicity under such conditions.” This provides exceptional
stability for the application in fields like marine surfaces® or as a coating for the stabilization
of dispersed materials in biological fluids.® Furthermore, the observed immune response of
patients (approximately 20% of healthy human subjects) towards PEGylated systems is a
strong driving force to generate alternative systems with comparable stealth effects while
simultaneously avoiding the polyether structure.”® With these exciting properties,
polyzwitterions are not only of academic interest but they also find applications in
commercial products, ranging from surface coatings for hip-replacements (Kyocera,
Aquala®) and Implantable ventricular assist devices (EVAHEART®), to zwitterionic

membranes for industrial wastewater treatment (ZwitterCo, Inc.).

Because most of the interesting properties of polyzwitterions are based on the charged
moieties, the overall charge distribution and charge density of these systems become an
important parameter of their design. Key questions for further successful implementation of
polyzwitterions in the biomedical field lie in the area of interface research, where surface
immobilization techniques,” but also the interactions of polyzwitterions with their
environment (cell adhesion, protein corona formation) are in the focus of current
discussions.’ The majority of polyzwitterions synthesized today carry permanently charged
groups, such as quaternary amines or strong acids, which ensures that their net charge is
not affected by a change in the pH." However, the response to pH can be beneficial for
biomedical applications. The variation of pH, observed in inflammatory or cancerogenic

tissue,™ can be used to trigger the release or accumulation response of nanocarriers based
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on polyampholytes.' In contrast to the most common polyzwitterions, examples featuring
weak ionizable groups allow a variation of the charge along the polymer upon a change in
pH."® These polymers can be described as annealed polyampholytes'” or weak

polyzwitterions and open up a way for pH responsive materials and surfaces.’

We showed earlier’ that polydehydroalanine (PDha), as an example of a weak
polyzwitterion, is a unique and highly interesting polymer in terms of charge density and its
ability to fully invert charge upon variation of the pH value. The application of this polymer as
a coating material for nanocarriers®® made use of its charge inversion for the adsorption and
the release of charged dye molecules,?' polyelectrolytes, and proteins?? and with that is of
interest for triggered release of molecules on the nanoscale. Besides PDha we investigated
further weak polyzwitterions such as (poly(2-(imidazole-1-yl)acrylic acid) (PImAA) and
poly(N,N-diallylglutamate) (PDAGA) as coating materials for nanoparticles to generate a
small platform of nanocarriers with an individual pH response depending on the respective
coating material.?? Despite the marked success in the use of weak polyampholytes as smart
pH-responsive materials, further progress in this field requires a deeper understanding of the
mechanisms controlling their pH-dependent charge, which in turn determines their solution

properties.

The Henderson-Hasselbalch equation serves as a starting point for the theoretical
description, since it allows to calculate the ionization degree of ionisable group from the pH

and its intrinsic pK, value as

ID 1
a = 1+1oz (prpKa’) (1 )

where z, is the charge of the group / in the ionized state. In principle the

Henderson-Hasselbalch equation ultimately allows calculating the net charge per monomer

on the polymer consisting of multiple titratable groups. However, such an approach can be
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considered only as a null model because it completely neglects interactions between the
charged groups. Furthermore, interactions between different groups on a polyelectrolyte
chain often significantly affect its conformation, which in turn affects the interactions, creating
a complicated feedback mechanism. This feedback mechanism is difficult to describe by an

analytical theory, however, it can be described in molecular simulations.

In a molecular simulation, we start by defining the model which we use to represent the
studied molecules. Then, we generate a set of conformations of the studied molecules in
various ionization states and compute the macroscopic properties of the molecules as an
average over the ensemble of the generated configurations. Simulation models with all-atom
resolution often require a prohibitive amount of computational resources when used to study
polymers in solution. Therefore, it is desirable to use simplified models which abandon some
molecular details while accounting for the most important effects. Then, the simulation
results can be used to explain the macroscopic properties on the molecular level.
Specifically, when studying acid-base equilibria, the simulations predict the net charge on the
macromolecule as well as the degree of ionization of individual acid and base groups at a
particular value of the pH. They can also predict how this ionization is affected by
electrostatic interactions and by the conformations of the simulated macromolecules.
However, it is not known a priori to what extent the simplifications introduced in the model
affect the predicted properties. Therefore, the simulation predictions should always be

confronted with an independent experimental characterization.

Experimental determination of net charge on a polyelectrolyte or its degree of ionization is a
challenging task. Among the established analytical methods, there is none that would yield
the net charge as its direct output. Usually, the net charge is inferred indirectly, from
quantities such as the zeta potential or electrophoretic mobility.>*" However, there is no

simple relation between the directly measured quantities and the net charge, which is the
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ultimate quantity of interest. Alternatively, one can determine the degree of ionization from
the changing positions or intensities of specific peaks in the NMR or infra-red spectra.?®2
However, these peaks may be affected by other processes, not only the ionization states,
and it may be difficult to disentangle various contributing effects. Another alternative to
determine the charge or ionization states of polyelectrolytes is based on potentiometric
titrations. When studying small molecules, the equivalence point in the titration indicates
when an acid or base group has been fully neutralized by the titrant. The maximum in the
first derivative of the titration curve, i.e. dependence of the pH on the added volume of the
titrant, is usually used as the equivalence point recognition criterion (ERC). The effective pK,
of that group, i.e. the pH at which the group is half-ionized, is then determined from the
half-equivalence point, i.e. the pH corresponding to one half of the added volume of the
titrant required to reach the equivalence point.*® In the case of multiprotic acids or bases,
additional pKa values can be found half-way between two consecutive equivalence

points.®'-34

In the case of a polyelectrolyte, the pH at which a given acid or base group is
half-ionized, determines the effective pKa of that group. This effective pKa of a
polyelectrolyte often significantly differs from the bare pKa of the corresponding monomer.
However, as follows from our current work, often the above-mentioned ERC is not a good
indicator of this effective pKa. Nevertheless, it is possible to calculate the net charge on the
macromolecule directly from the potentiometric titration curves. Such a calculation can be
precise only if various artifacts, such as the presence of additional ions in the solution or the
adsorption of CO, from the air are carefully avoided.?”**>*" In either case, the experimental
determination of net charge or ionization states of titratable groups is based on various
assumptions that need not be fulfilled. Therefore, if one wants to reliably determine the
charge on a complex polymeric species, it is necessary to use several independent

experimental methods. These should be then compared with each other, as well as with the

predictions from theory or simulations.
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In this work, our aim is to better understand net charge and charge distribution within
different weak polyampholytes, materials we have introduced earlier and which show very
interesting material properties. More specifically, we are interested in a comprehensive
understanding of the pH-controlled ionization of PDAGA, PDha and PImAA. These polymers
possess the interesting ability to switch their net charge from positive to negative upon a
change in pH. In all three cases, the titratable weak acid and base groups responsible for
this switching behavior are carboxylic acids and amines, as is schematically illustrated in
Fig.1. However, these groups have different individual pK, values and also the amount of the
titratable groups per monomeric unit is different too: one carboxylic group and one primary
amine group in PDha; two carboxylic groups and one tertiary amine in PDAGA; one
carboxylic group and one imidazole group in PImAA. Therefore, these two polymers follow
different trends of the net charge as a function of pH, resulting in an overall different solution
behavior. To understand how their variable ionization depends on the pH, we combine
theoretical predictions from computer simulations with several independent experimental

methods that allow determining their net charge or ionization states.

Materials and methods

Materials

Chemicals were purchased from Sigma—Aldrich or Carbolution (Saarbriicken, Germany) in
p.a. grade and used without further purification. The UV photoinitiator, Lucirin-TPO
((diphenylphosphoryl) (mesityl)methanone), was kindly provided by BASF. All chemicals

were used as received.

Synthesis of Poly(N,N-diallylglutamate) (PDAGA)

The synthesis of PDAGA was originally reported by Jamiu et al.*® HCI was introduced to a

suspension with 59 g of glutamic acid (0.4 mol) in 500 mL of methanol at 0°C. Then, the
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solution was stirred for 3 days. After removing the solvent, the obtained product was
dissolved in 100 mL of water and neutralized with K,CO; at 0°C. Next, the mixture was
saturated with K,CO; and extracted 5 times with 100 mL of CHCI,. After drying, the residual
product (61 g, 87%) was dissolved in a solution of 87 g K,CO; (0.63 mol) in 300 mL of
acetonitrile at 40-50 °C. Then, 85g of allyl bromide (0.70 mol) was added dropwise. The
mixture was stirred at 60 °C for 18 h. After removing the solvent, the residue was picked up
in 200 mL of water and extracted 3 times with 100 mL of ether. The organic layer was dried,
concentrated, and distilled to obtain the corresponding diallylamine derivative as a colorless
liquid. 5.4 g of this liquid was treated with 2 g of NaOH in 15 mL water. After one day, the
solution was adjusted to a pH = 3 with HCI. The viscous solution was freeze-dried. The
obtained solid was extracted with 30 mL acetone at 60°C. After evaporation of acetone, the
monomer was obtained as white flakes. The following cyclopolymerization was carried out
by dissolving 1.44 g of the monomer in 0.5 mL water. The solution was degassed and
heated to 85°C. 133 pg of APS was added to the solution while stirring it and left it to rest for
15 min. Subsequently the mixture was cooled to room temperature and the polymer was
obtained by dialyzing the mixture against water for 3 days. Finally, once the mixture was

freeze-dried, a white powder was obtained.

Synthesis of Polydehydroalanine (PDha)

PDha was prepared as reported by Giinther et al.’®. 250 mg of poly(aminomethyl acrylate)
(PAMA) was dissolved in 10 mL of 1,4-dioxane. Then, 10 mL of a saturated solution of LiOH
was added. The mixture was stirred at 100 °C for 3 h and neutralized with a diluted aqueous

solution of HCI. During neutralization, PDha precipitated.

Synthesis of Poly(2-(imidazol-1-yl)acrylic Acid) (PImAA)

PImAA was synthesized as reported by Rossel et al.*° . Briefly, DMSO (1.75 M EImA) and

AIBN (0.5 mol %) were added to a flask charged with ethyl 2-(imidazol-1-yl)acrylate (EImA).
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The mixture was degassed by three freeze—pump—-thaw cycles and held at 65 °C for 48 h.
The resulting polymer was precipitated afterward in EtOAc (45 mL), centrifuged, and dried
under vacuum. The obtained PEImA (101.7 mg) was dissolved in methanol (2 mL), and a
solution of lithium hydroxide monohydrate (162.3 mg, 3.87 mmol, 5 equiv per monomer unit)
in water (2 mL) was added. The reaction mixture was held at 65 °C for 48 h and dialyzed
against water. The aqueous solution of the polymer was freeze-dried and afforded 75.7 mg

of PImAA as a white solid.

Nuclear magnetic resonance spectroscopy (NMR)
'"H-NMR spectra were measured on a 300 MHz Bruker AVANCE spectrometer using D,O
with NaOD as deuterated solvents at a temperature of 298 K. The solvent residual peak of

the respective solvent was used as standard.

Size exclusion chromatography (SEC)
SEC measurements were performed on a Agilent system equipped with a G1310A pump,
and a RID: G7162A refractive index detector with DMAc + 0.21 wt.% LiCl as eluent at a flow

rate of 1 mL min on a PSS GRAM guard/30/1,000 A (10 um particle size) column at 40°C.

Aqueous SEC was measured on a Jasco system equipped with a DG-2080-53 degasser,
PU-980 pump, and a RI-2031 Plus refractive index detector (Jasco Deutschland Labor- und
Datentechnik GmbH, Grof3-Umstadt, Germany) with 0.1 m Na,HPO,/0.05% NaN; pH =9 as
eluent and at a flow rate of 1 mL min™ on a column set of PSS SUPREMA 1000 A and 30 A

(10 um) at 30°C (PSS, Mainz, Germany). PAA was used as calibration.

Potentiometric titrations
The potentiometric titrations of PDAGA and PImAA were carried out on an OMNIS
Advanced Titrator (Deutsche METROHM Prozessanalytik GmbH & Co. KG, Filderstadt,

Germany) equipped with a magnetic stirrer, a Pt1000 temperature sensor, and an intelligent



dosing module. For pH detection, either an ECOTRODE plus pH-glass electrode, or a
BIOTRODE was used. The polyzwitterions were dissolved in basic Milli-Q water (adjusted by
0.1 M NaOH) resulting in a 0.2 mg mL" solution with a pH between 10 and 12 and
subsequently titrated with 0.1 M HCI at a dosing rate of 0.01 mL min™. For zeta potential

measurements, the titration was paused at the desired pH value and then continued.

The potentiometric titration for PDhA polymer was performed using Metrohm 888 Titrando
Compact titrator equipped with a Metrohm LL Biotrode 3 mm glass electrode, a Pt1000
temperature sensor, magnetic stirrer and Titrando Software. Standardised HCI and NaOH
solutions from Carl Roth GmbH (Karslruhe, Germany) used for sample preparation and
titration were kept under soda lime for at least 2 days before the measurements to prevent
CO2 absorption. PDhA was dissolved in 0.1 M NaOH to adjust polymer concentration 10 mg

mL™" and titrated by 0.1 M HCI.

We calculated the charge per monomer from our potentiometric titration using the known

volumes of HCIl and NaOH, as described in Ref.?”

ViciCuci™V waornaont Con™ W VetV waow)
z = (2)

m CmVNaOH

where V, and ¢, are the volume and concentration of x = HCI, NaOH and c,, is the

concentration of monomeric units of the polyzwitterion.

Zeta potential measurements

The zeta potentials were measured on a Zeta Sizer Nano ZS from Malvern via the M3-PALS

technique with a laser beam at 633 nm. The detection angle was 13°.

Theoretical model

We used a coarse grained model to represent the polyzwitterions, where each monomeric

unit was represented by two or three spherical beads, as is schematically illustrated in Fig.1.

10
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For brevity, we provide here a brief description of the model and refer the reader to the
supporting information (SI) for full technical details. We represented each monomeric unit by
one bead for the backbone and one side-bead per each ionisable group. All beads had the
same size (o0 = 0.35 nm) and they are distinguished only by their acid-base properties,
defined by its intrinsic pK, value, protonation state, and their respective charge. The beads
were neutral in the non-ionised state and they carry an elementary charge in the ionized
state (x1e for acid or base, respectively). We neglected other specific molecular interactions
in our model. This is a reasonable approximation, as long as electrostatic interactions
dominante the molecular interactions influencing the ionization states.***' A posteriori, we
verified the validity of this assumption by comparing with experimental measurements.
Similar coarse-grained models are common in polymer science and have been used in our

42-48 short peptides?®?’*' and disordered

previous publications to model polyelectrolytes,
proteins.*’

The intrinsic pK, values of each acidic and basic group on the monomeric units of the
polyzwitterions are the key input parameter of our simulations. We estimated the intrinsic pK,
values using the reported pKa values of the parent monomers of the polyzwitterions,
reported in the literature. Specifically, we used the pK, values of glutamic acid for PDAGA*
and pK, values of alanine for PDha.** Unfortunately, the intrinsic pK, values of
imidazoleacetic acid, which is the parent monomer of PImAA, are not available from
experiments. Therefore, we estimated them using the theoretical prediction provided by the
Human Metabolome Database.*® We emphasize that these pK, values should be viewed as
reasonable estimates, yet not as accurate values.

We simulate the system using molecular simulations which combine Langevin Dynamics
accounting for the evolution of configurations and a constant-pH Monte Carlo algorithm

accounting for the acid-base equilibrium of all ionisable groups. The simulations included

one polyzwitterion chain of 10 monomers accompanied by monovalent salt ions. We tested

11
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that our simulations do not have any significant size effects from the chain length of the
polyzwitterion (See Sl). We fix the volume of our simulation box to match the concentration
of monomeric units used in the titration experiments: 0.022 M (PDAGA), 0.057 M (PDha)
and 0.057 M (PImAA). Accordingly, we place the number of ions in the simulations to match
the ionic strength of 0.1 M used in the same experiments. Input parameters are the
pK,-values of each ionisable group and the pH of the solution. In return, we measure the
average degree of ionization « of each group, which we use to calculate the average charge

per monomer z,, as

M
z =Y za (3)
i=1

m [

where M is the number of ionizable groups in the monomer and z, is the charge of the group

i in the ionized state; i.e. z= = 1 for a monoprotic acid and z= + 1 for a base.

PDha: Polydehydroalanine

COOH Amine
Oy, OH pKa =2.34 pKa 9.87
n
5

PImAA: Poly(2-(imidazol-1-yl)acrylic acid)

COOH Imidazole
Oy_OH pKa 3.65 pKa 6.78
)/im
N

N

H QH

® ®

PDAGA: Poly(N,N-diallylglutamate)

COOH

pKg = 2.10
HO. OH

|

Figure 1: Overview of the investigated polyzwitterions: poly(N,N-diallylglutamate) (PDAGA),
polydehydroalanine (PDha) and poly(2-(imidazol-1-yl)acrylic acid) (PImAA). The chemical
structures on the left show the different ionization states. The simulation snapshot next to
each chemical structure represents the coarse-grained model that we used for the
corresponding polyzwitterion. Colour code: grey = backbone groups; red, green = acidic
groups; blue = basic groups.
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Results and discussion

The key characteristics of the polyzwitterions

Three polymers were synthesized as model cases to study the ionization of polyzwitterions,
following the procedures summarized in Ref.??: poly(N,N-diallylglutamate) (PDAGA),
polydehydroalanine (PDha) and poly(2-(imidazol-1-yl)acrylic acid) (PImAA). A brief

description of their synthesis is given in the Materials and methods section.

The chemical structure of the polyzwitterions was confirmed by 'H-NMR (Table S2). The
molecular weight of the polyzwitterions was characterized by size-exclusion chromatography
(SEC) measurements, which is reported in Tab. 1. PDAGA and PDha are soluble at high pH
but precipitate when the pH is lowered. PDAGA showed a miscibility gap between pH 3.0
and 1.9. PDha precipitated at pH values below 5.5 and, in contrast to PDAGA, it did not
solve again when the pH was further lowered.

Table 1: Molecular characteristics of polyzwitterions determined by size-exclusion

chromatography (SEC) measurements, namely: number average molecular weight M,, mass
average molecular weight M, , dispersity B, number-average degree of polymerization N,

Polyzwitterion  /, / g mol M, | g mol” b N,.°
PDAGA 2,1007 8,100% 3.8° 9

PDha 13,700° 27,300° 2.0° 157
PImAA 2,700° 3,800° 1.42 20

a) Determined by SEC using 0,1 M Na,HPO,/0,05% NaN; pH 9 as eluent and calibrated against PAA standards;
b) Determined by SEC using DMAC/LiClI SEC as eluent and calibrated against PMMA standards.

c) Calculated from M,

13
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Theoretical insights into the ionization of polyzwitterions

Due to the presence of both cationic and anionic groups on each monomeric unit of
polyzwitterions, we expect their ionization to be influenced by a complex interplay between
electrostatic attraction between oppositely charged groups and repulsion between
like-charged groups. To demonstrate the effects of this interplay, we computed the net
charge on the zwitterions from molecular simulations and compared it with the ideal value
predicted by the Henderson-Hasselbalch equation (Eq. 1). Fig.2 shows the results of these
predictions, using PDAGA, PDha and PImAA as model polyzwitterions. In general, we
observe that electrostatic interactions decrease the absolute value of the average charge per

monomer z, as compared to the ideal curve. Such deviations are often characterized by
using effective pK,-values (pKaef ! ), defined as the pH value at which the respective acid or

base group is half-ionized. Nevertheless, a description using the effective pKa values does
not fully account for the observed deviations because they not only shift the curves but also
change their shape. To fully describe the effect, it is necessary to investigate the degree of

ionization of each group, «a, as a function of pH.

1.0 1.0 A 1.0 1
£ (a): PDAGA (b): PDha (c): PImAA
N
N —— HH i _ —_ - _ —_
5 05 _ . 0.5 % pH =123 HH 0.5 pH = 2.54 AH
£ | —e-- Simulation H —e-- Simulation |8 —e-- Simulation
e 00 -: 0.0-: 0.0 A :
)
€ 054 - pH=3.98 ~054! —054 |
] I 1 P 1 1
I 1 1 1
3 -1.04 1 -1.0+ 1 -1.09 1
o I 1 1 I 1 1
Fosy ! 15 I TS !
(@] I 1 1 I 1 I
-2.0 T ! T T T T -2.0 T T T T T ! T —2.0 1 ! T T II T T
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
pH pH pH

Figure 2: Average net charge per monomer z,, as a function of pH for PDAGA (a), PDha (b)
and PImAA (c). Data points are from the simulations whereas the continuous lines follow the
ideal prediction given by the Henderson-Hasselbalch (HH) equation (Eqs. 1 and 3). Dashed
vertical lines mark the effective pKa values estimated from these curves.
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Fig.3 shows the degrees of ionization of individual acid and base groups on the three
investigated polyzwitterions: PDAGA, PDha and PImAA. Based on these curves, we observe
that in general the ionization of each acid and base group is increased, as compared to the
ideal curve, obtained from the Henderson-Hasselbalch equation. Alternatively, this difference

can be viewed as a shift of the curve along the pH axis, which is often quantified using the

effective acidity constant, pKaeff. The curves in Fig.3 indicate that pKaeff of the acidic

groups is lower than their bare pK, whereas pKaeff of the basic groups is greater than their
bare pK,. Furthermore, the simulated curves in Fig.3 are not only shifted with respect to the
ideal curves but they also have different slopes, which cannot be described by using pKaeff

as the only parameter. These observations are consistent with previous simulation studies
on peptides®?” and weak ampholytes,®*? where it has been shown that this is caused by
electrostatic attraction to the oppositely charged groups nearby. Because the pK, values of
these acid and base groups differ by more than 3 units, the response of each of them to
changes in the pH is characterized by a clearly distinguished inflection point on the

dependence of the net charge on the pH (cf. Fig.2).
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Figure 3: Degree of ionization a of each ionizable group in the monomeric units of PDAGA,
PDha and PImAA as a function of pH (see legend in each panel). Data points represent
predictions from the simulations whereas the continuous lines follow the corresponding ideal
prediction given by the Henderson-Hasselbalch (HH) equation (Eq. 1). Dashed curves
connecting the simulation data points are added as guides to the eye. Horizontal dashed
lines mark the values of a = 0.0, 0.5, 1.0.
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Interpreting the titration curve of polyzwitterions

Similar to the interpretation of Fig.3, the inflection points in experimentally determined
titration curves are also commonly used to identify the effective pK, values of the titrated
sample (analyte). In commercial instruments, this is done using the equivalence point
recognition criterion (ERC), computed as the first derivative of the titration curve, i.e. first
derivative of the dependence of the pH on the added volume of the reagent. In Fig.4 (top

panels), we present such potentiometric titration curves, including the ERC, measured for
the polyzwitterions investigated here. The pKaef ! values were obtained from the ERC,
following the procedure outlined in Ref.**, as detailed in ESI, section S6. Table 2 shows that

these pKaeff values often disagree with those predicted from our simulations (cf. Fig.2).
Furthermore, the determination based on ERC indicates two pKaeff values for PDAGA and

three pKaeff values for PDha although PDAGA has three ionizable groups and PDha has

only two. The value pKaeff

= 6.3 is very far from the bare PK, values of its both ionizable
groups. Because the ionization of PDha should not change close to the neutral pH, we
anticipate that this pKaeff value simply reflects the steep change of the pH as HCI is being
added to NaOH in the presence of an indifferent polyzwitterion. This observation suggests

that determination of the pKaeff using the ERC might not be reliable.

In the bottom panels of Fig.4, we present an alternative approach to determine the pKaeff

values from potentiometric titrations, using the inflection points of the net charge on the
analyte as a function of pH, similar to how we did it in Fig.2. These dependencies have been

calculated from the potentiometric titration curves using Eq.2, as described in full detail in the

Methods section. By comparing the pKaeff values from the ERC, marked in the bottom
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panels of Fig.4, we clearly see that they do not correspond to the inflection points of the net
charge as a function of pH. On the contrary, we observe that the net charge as a function of
pH reasonably well corresponds to the theoretical predictions for PDAGA and PDha,

whereas it does not correspond with the predictions for PImAA. This confirms the notion that

ERC cannot be reliably used to determine pKaeff of our samples.
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Figure 4: Top panels: potentiometric titration (orange markers) of the polyzwitterions with HCI
(concentration 0.1 M). Its first derivative (brown markers) is used as the equivalence point
recognition criterion (ERC). The points of half-equivalence, corresponding to the estimated
effective pK, values, are indicated using the dashed lines. Bottom panels: average charge
per monomer z,, of the polyzwitterions calculated from their corresponding titration curves
using Eq. 2. The dashed lines in bottom panels mark the effective pK, values, estimated
from the net charge corresponding to half-ionization of the respective groups. The solid lines
follow the corresponding ideal prediction given by the Henderson-Hasselbalch (HH) equation
(Eq. 1). The gray-shaded areas highlight the pH regions where we observed precipitation of
the polyzwiterions.

To obtain an independent picture of the net charge on the herein used polyzwitterions as a
function of pH, we measured their zeta potential {,, presented in Fig.5. Unfortunately,
reproducible data could only be obtained for PDAGA and PDha but not in case of PImAA.

We observe that the measured (, as a function of the pH qualitatively resembles the net
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charge as a function of pH, shown in Fig.2 and Fig.4. In particular, the pH range in which the
zeta potential steeply changes as a function of pH in Fig.5 is well matched by the steep
change of the net charge in Figs.2 and 4. However, computing the net charge from the zeta
potential is not straightforward because this quantity is proportional to the effective charge
on the surface rather than to the net charge of the colloidal object.?>2>2"53%* |n the case of
PDAGA, we observe that the isoelectric point determined from the zeta potential (pl ~ 2.5)
matches the one determined from potentiometric titrations (pl ~ 2.0, see Fig.4d) and
predicted from the theory (pl ~ 2.5, see Fig.2a). In contrast, the zeta potential of PDha
suggests that it should be negatively charged in a broad pH range (ranging from 4 to 11)
whereas the potentiometric titrations (Fig.4e) and also the theoretical predictions (Fig.2b)
suggest that it should be neutral in that pH range. Indeed, it is not a unique observation that
a neutral polymer has a negative zeta potential. A similar effect has been observed for
poly(ethylene oxide), e.g. as corona of micellar nanostructures, although also here no
quantitative explanation has been found so far.5®°¢ Therefore, the values of the zeta potential
should not be taken literally. Instead, one should compare the overall trend in the zeta

potential with the net charge determined using other methods.
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Figure 5: Zeta potential ;, of PDAGA (red circles) and PDha (green squares) as a function of
pH. Dashed curves connecting the data points serve as a guide to the eye.

In Fig.6 we compare the three approaches (simulation, potentiometric titration and the zeta
potential) of obtaining the net charge per monomer on the studied zwitterions in order to
assess their reliability. To enable this comparison within a single figure, it was necessary to
shift and scale the zeta potential. In the first step, we added constant values to shift the
curve such that they matched the isoelectric point determined by the potentiometric
titrations. This shift was practically negligible in case of PDAGA, however, it was significant
in case of PDha, as discussed in the previous paragraph. In the second step, we multiplied
the shifted zeta potential by an arbitrary constant such that it approximately fits on the same
scale as the other data sets. After this transformation we were able to compare all three
approaches within a single plot.

Fig.6a shows that in the case of PDAGA all three approaches yield consistent deviations
from the ideal curve. In case of PDha (Fig.6b), the three approaches yield similar trends,
namely a weakly positive charge at very acidic conditions, pH ~ 2, a constant net charge
close to zero in a broad pH range, 2 < pH < 11, and a negative charge at very basic

conditions, pH > 11. However, the titrations suggest that PDha attains a positive charge only
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at a much lower pH than predicted by the simulations. Similarly, the titrations suggest that
PDha attains a negative charge at a much higher pH than predicted by the simulations. In
Fig.S4 we demonstrate that this difference can be easily avoided by using different bare pK,
values as the inputs of the simulation. It should be kept in mind that the original pK, values
used in our simulations were only based on an educated guess, using analogy with
molecules of a similar chemical structure. Therefore, similar values within a reasonable
range are also plausible and there is no strong reason to insist on the values determined by
our educated guess. This uncertainty is clearly a weak point of any simulation which requires
the bare pK, values, as discussed also in our previous study on short peptides.?” Finally, in
Fig.6c we observe a strong disagreement between the simulation results and potentiometric
titration of PImAA. Unlike PDha, the curves for PImAA differ qualitatively and this
disagreement could not be avoided by choosing different bare pK, values as simulation
inputs. We may speculate that the imidazole group of PImAA exhibit some kind of
hydrophobic attraction or hydrogen bonding, however, we do not have sufficient evidence to
conclude about the molecular origin of the disagreement. Unfortunately, the measurements
of zeta potential of PImMAA did not yield reproducible values, preventing a comparison with
the third available method. Nevertheless, it is clear from the above comparison that there are
additional specific interactions in PImAA, other than electrostatics, which determine its

peculiar response to pH.
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Figure 6: Net charge per monomeric unit z, of PDAGA (a), PDha (b) and PImAA (c) as a
function of pH obtained from our simulations (circles), potentiometric titration (triangles). The
zeta potential (squares) of each polyzwitterion was shiffed by an arbitrary constant to match
the isoelectric point from potentiometric titrations and then scaled by an arbitrary constant.
Continuous lines follow the ideal prediction given by the Henderson-Hasselbalch (HH)
equation (Eqgs. 1-2). Dashed lines are added to guide the eye and follow the data points.

Thus, by comparing the three approaches to determining the net charge of the studied
polyampholytes, we can conclude that our determination of the net charge was quantitatively
reliable in the case of PDAGA, qualitatively reliable in the case of PDha and unreliable in the
case of PImAA. These results are summarized in Table 2. The comparison with effective
pKa values determined from half-equivalence points based on the ERC determined as the
first derivative of the titration curve is tricky. Table 2 demonstrates that in many cases these
values are consistent with the other methods, as well as with the expectations based on

simple chemical intuition. On the other hand, some values obtained from the ERC (
pl{aeff = 6.3 and pKaeff = 12.2 for PDha and pKaeff = 12 for PImAA) are most likely
artifacts of the method because these values were not observed by any other of the

employed methods, they are not compatible with simple chemical intuition, and in two cases

there is no ionizable acid or base group to which these pKa values could be assigned.

Table 2: Effective pKa values determined using different methods, compared to the bare pKa
of the monomer. Values marked with an asterisk are likely unphysical artifacts of the data
processing.
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Polymer | bare pKa simulation | zeta potential | titration net titration half-
(monomer) (estimated) charge equivalence

PDAGA 210 1.13 N/A N/A N/A

pKa 1

PDAGA 4.07 3.98 3.5 4.49 5.0

pKa 2

PDAGA 9.47 10.75 11.5 10.49 11.9

pKa 3

PDha 2.34 1.23 3 N/A 6.3*

pKa 1

PDha 9.87 10.68 N/A N/A 9.5

pKa 2

PDha N/A N/A N/A 12.38 12.2¢

pKa 3

PimAA 3.65 2.54 N/A 3.75 <2

pKa 1

PimAA 6.78 7.62 N/A N/A 7.3

pKa 2

PimAA N/A N/A N/A 11.78 12.2*

pKa 3

Conclusions

We combined molecular simulations with several experimental methods to investigate the
ionization response of various polyzwitterions to changes in the pH. Specifically, we used
poly(N,N-diallylglutamate) (PDAGA) with two weakly acidic groups and one weakly basic
group per monomer, polydehydroalanine (PDha) and poly(2-(imidazol-1-yl)acrylic acid)
(PImAA), both with one acidic and one basic group per monomer. First, we used molecular
simulations to determine the net charge per monomer and the ionization states of individual
acidic and basic groups as a function of pH. From the simulations we observed that the

electrostatic interactions with oppositely charged groups increase the ionization states.

Therefore, the effective pK, values of the acidic groups were lower whereas the effective pK,
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values of the basic groups were higher than their respective bare pK, values. Ultimately,
these shifts resulted in reducing the net charge of the polymer, making it closer to neutral
than in the ideal case without electrostatic interactions. To complement the theoretical
predictions, we performed potentiometric titrations of all studied polyzwitterions. We
observed that the effective pK, values, determined from the equivalence point recognition
criterion (ERC) were often inconsistent with those predicted from the simulation. In some
cases, the ERC determination yielded a different number of pK, values than the number of
different titratable groups and the determined effective pK, values were not even close to the
bare pK, values of the monomers. However, when we calculated the net charge per
monomer from the potentiometric titration curves, the obtained results were consistent with
the simulations in case of PDAGA and PDha. Additionally, we measured the zeta potential
as a function of pH, which also yielded trends consistent with the simulations and titrations of
PDAGA and PDha. Minor quantitative differences between the simulations and experiments
could be explained by the uncertainty in choosing the bare pK, values as inputs of the
simulation. On the contrary, in case of PImAA our titrations yielded the net charge as a
function of pH which was very different from the simulations and from the ideal trend based
on the expected bare pK, values. These differences could not be explained by the
uncertainty in choosing the bare pK, values. Therefore, we attributed them to some specific
interactions in PImAA, such as hydrogen bonding, which could not be captured by the
simplified molecular model.

Ultimately, by analyzing the ionization response of three model polyzwitterions to changes in
the pH, we have shown that molecular simulations can predict and explain the origin of the
differences between the effective and bare pK, values of individual titratable groups.
Furthermore, we have shown that it is not possible to obtain these effective pK, values
directly from the ERC, however, they can be reliably obtained by calculating the net charge

per monomer from the potentiometric titration curves. This determination can be further
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confirmed by the trends in the zeta potential as a function of pH, however, a quantitative
parameter-free comparison with the zeta potential is not possible because zeta potential
depends on the effective surface charge rather than the bare charge. The approach we
propose works reliably for polyzwitterions in which the ionization response is dominated by
electrostatic interactions, such as PDAGA or PDha, however, it fails if other specific
interactions contribute significantly, such as in the case of PImMAA. Nevertheless, the herein
presented approach allows for an improved understanding of charge and solution
characteristics in weak polyzwitterions and, with that, also in an improved prediction and
description of their behavior at interfaces or interaction with other charged molecules, e.g., in

,catch and release” approaches or as coatings of nanomaterials.

Supporting Information

Additional technical details about the computer simulations, "H-NMR characterization of the
three polyzwitterions of study, additional plots of computer simulations of polyzwiterrions with
different chain lengths, additional plots of computer simulations done with different input bare
pK, values, additional plots of control potentiometric titrations done with blank samples.
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