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ABSTRACT

Physicochemical properties of poly-L-lysine (PLL) hydrobromide were determined by Molecular
Dynamics (MD) modeling and a variety of experimental techniques. Primarily, the density, the
chain diameter, the monomer length and PLL molecule conformations were theoretically

calculated. These results were applied for the interpretation of experimental data acquired for



PLL sample of the average molar mass equal to 122 kg/mol. They comprised the diffusion
coefficient, the hydrodynamic diameter and the electrophoretic mobility of molecules determined
for ionic strength range 2x10° to 0.15 M and pH 5.6. Using these data,
the electrokinetic charge and the effective ionization degree of PLL molecules were determined
as a function of ionic strength. Additionally, precise dynamic viscosity measurements for dilute
PLL solutions were performed yielding the intrinsic viscosity, which decreased from 2420 to
120, for ionic strength of 2x10 and 0.15 M, respectively. This confirmed that PLL molecules
assume extended conformations in accordance with theoretical modeling. These data enabled to
determine the molecule length, the chain diameter and its effective molecule cross-section area
for various ionic strengths. Therefore, it was concluded that the combined dynamic light
scattering and viscosity measurements supplemented by MD modeling furnish reliable
information about PLL macromolecule conformations in electrolyte solution. Beside significance
for basic science, the results obtained in this work can be exploited for precisely determining

molar mass of macroions.

1. Introduction

Extensive range of macroion (polyelectrolyte) applications is based on the efficient adsorption
of the macromolecules at various surfaces, which is then exploited for various applications, like
for example preparing anti-fouling coatings preventing bacteria adhesion.!” In other processes,
macroion adsorption is applied to produce adhesive substrates for protein and enzyme
immobilization, separation,® and bio—sensing.’> Another application is due to consecutive
adsorption of cationic and anionic macroions, according to layer by layer (LbL) process, which is

widely adapted in nanocapsule formulations, used for controlled drug delivery.®’



Among various macroions, poly-L-lysine (PLL) whose molecule is solely composed of
naturally occurring lysine amino acids residues, has acquired considerable attention. This is
mainly caused by a stable and positive charge of PLL molecules in aqueous solutions, which
occurs over a wide range of pH up to 11.%° Therefore, PLL is used in variety of industrial and

scientific branches for medical applications, e.g., as a model drug,'®'? for microencapsulation of
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islets and cells, chromosomal preparations,'® biomimetic mineralization, cell

attachment,? biosensors and biosensor arrays.®

Because of the wide range of applications, extensive research has been conducted in order to
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investigate PLL structure, surface properties, and adsorption at various substrates.

Barrantes et al.’!

investigated the formation of PLL/HEP (heparine) multilayers adsorbed at
various pHs on silica and gold wafers. The mass of multilayers was measured using QCM-D
(quartz crystal microbalance with dissipation) and ellipsometry. Moreover, from the viscoelastic
properties it was concluded that at acidic conditions a side-on conformation of PLL molecules
occurred whereas at pH 7 and 8.5, the molecules adopted a-helical conformation. In another
work, Barrantes et al.*? studied the influence of PLL/HEP multilayers (films) on the adsorption
of bovine serum albumin (BSA), immunoglobulin (IgG) and fibrinogen. The experiments were
carried out in phosphate buffered saline (/ = 0.148 M and pH 7.4). The adsorption of macrioins
and proteins was studied using ellipsometry, QCM-D and AFM (atomic force microscopy). It
was shown that the protein adsorption only occurred at PLL terminated multilayers.

Porus et al333

studied sodium poly(styrene sulfonate) (PSS), PAH poly(allylamine
hydrochloride) (PAH) and and PLL adsorption at silica substrate using optical reflectometry and

quartz crystal microbalance (QCM). Both the dry and wet mass were determined that allowed to



calculate the hydration degree of PLL molecules. It was also shown that the thickness of PLL
layers varied between 1.3 and 1.4 nm for pH 4 and 10 respectively.

Choi et al.* studied the formation of PLL monolayers on various substrates, such as the
carboxyl functionalized, amine-functionalized and bare silica using the QCM-D method. The
adsorption was carried out from PLL solutions characterized by large concentration of 2000
mg L' at pH range 2 to 12. The Voigt-based viscoelastic analysis was performed assuming the
PLL film density equal to 10° kg m> and the viscosity of bulk solution equal to 0.001 Pa s,
respectively.

Craig et al.*® investigated the formation of PLL/PGA (polyglutamic acid) films applying the
layer-by-layer self-assembly technique using ellipsometry and QCM-D.>’ The films were
deposited on thiol-modified gold surface.

Richert et al.?” investigated interactions of chondrosarcoma cells with PLL/(poly-L-glutamic
acid) (PGA) multilayers in a serum-containing medium for various pHs using the optical
waveguide lightmode spectroscopy (OWLS), QCM-D, streaming potential measurements and
AFM.

Picart et al.?° studied the deposition of PLL/hyaluronic acid (HA) multilayers at gold holders
and glass slides in order to prepare a new kind of biocompatible film. The investigation was
carried on using optical waveguide lightmode spectroscopy, streaming potential measurements,
atomic force microscopy (AFM) and QCM-D.

Ren et al.’® used the layer-by-layer self-assembly method in order in order to produce PLL and
deoxyribonucleic acid (DNA) enzymatic biodegradable films deposited on quartz substrates. The

process of film formation was monitored by UV—vis spectrometry, and atomic force microscopy.



Shan et al’® investigated functionalization of graphene sheets by PLL using UV-vis
spectroscopy, Fourier transform infrared spectroscopy (FTIR), AFM, energy dispersive X-ray
spectroscopy (EDX), and cyclic voltammetry (CV). It was assumed that graphene sheets play an
important role as connectors to assemble active amino groups of PLL, which provide an efficient
platform for the attachment of bioactive molecules.

However, despite of this extensive experimental effort, the fundamental physicochemical
properties of PLL molecules in aqueous solutions, especially their molecular density, size, shape,
and conformation under various ionic strengths, especially in diluted aquatic solutions, remain
largely unknown. The lack of this data prohibits a proper interpretation of experimental results
concerning PLL adsorption at various substrates and multilayer formation efficiency.

Given the deficit of reliable experimental data, the goal of this work is to perform thorough
characteristics of PLL molecules in aqueous solutions for a broad range of ionic strength using a
variety of complementary experimental methods based on electrophoresis, dynamic light
scattering (DLS) and viscosity measurements, which is also a novel approach for determining
basic physicochemical parameters for other elongated polyelectrolyte molecules. The diffusion
coefficient, the hydrodynamic diameter, the effective (electrokinetic) charge per molecule, and
the intrinsic viscosity are determined. The experimental data are quantitatively interpreted in
terms of the all-atom Molecular Dynamic (MD) modeling. In this way, valid clues about the PLL
molecule conformations are acquired, especially the molecule chain diameter, the extended
length and the effective cross-section area are determined for the first time. This has significant
implication for predicting adsorption mechanisms and controlling adsorption process of PLL

molecules at solid/electrolyte interfaces and for a quantitative interpretation of experimental data

40,41 33,34

derived from the streaming potential measurements, quartz microbalance, and other



experimental techniques that require proper calibration. Moreover, the results obtained in this
work allow also for elaboration of a procedure for determining molar mass of polypeptide

macroions, in a more precise way than with applying conventional methods.
2. Experimental section

2.1. Materials

Poly-L-Lysine hydrobromide, a synthetic polypeptide having a molar mass of 150-300
kg mol! (determined by viscosity) and 75-189 kg mol! (determined by MALLS), hereafter
referred to as PLL, was purchased from Sigma Aldrich Merck KGaA, Darmstadt, Germany.

The stock and dilute solutions of PLL were prepared by dissolving a proper amount of solid PLL in
NaCl. The NaCl solutions of a precisely known concentration were prepared using deionized water
obtained using Milli-Q Elix & Simplicity 185 purification system from Millipore SAS Molsheim,
France and analytical grade NaCl purchased from Sigma Aldrich Merck KGaA, Darmstadt,

Germany.
2.2. Methods

The electrophoretic mobility and diffusion coefficients of PLL molecules under various
conditions were determined by the electrophoretic measurements (Laser Doppler Velocimetry
(LDV) technique) and the dynamic light scattering (DLS) using the Malvern Zetasizer Nano ZS
apparatus.

The density of PLL solutions for various ionic strengths was determined using the high

precision Anton Paar DMA 5000 M densitometer.



The kinematic viscosity of PLL solutions of defined mass concentrations was measured using
certified Cannon-Ubbelohde semi-micro dilution viscometer, which requires small volumes of
polypeptide solution (up to 5 ml) and permits easy serial dilutions. The whole set-up was
equipped with a thermostat that allowed a precise control of temperature during the
measurement. Knowing the kinematic viscosity and density of PLL solution enabled to calculate
the dynamic viscosity. The measurements were carried out for the range of PLL concentration of
50-500 mg L at a fixed NaCl concentration (ionic strengths), where the relative viscosity 7, was
smaller than 1.3. A typical error of intrinsic viscosity determination was equal to 0.2—1% for
NaCl concentration equal to 0.15 and 2x10° M, respectively.

All measurements were performed at 298 K and pH of 5.4-5.6.

2.3. Theoretical Calculations

4243 was used for all-atom molecular dynamics (MD) modeling of

The Gromacs 5.1.4 package
the PLL molecules of various molar mass with the Amber 03 force field.** For water, in
compliance with the force-field choice, the explicit TIP3P model was employed.** The PLL
molecules, generated using Avogadro software,*® were solvated by water molecules in a cubic
box with the size equal to 10-22 nm depending on PLL molar mass. The counter-ions were
introduced by a random replacement of water molecules in order to obtain neutral systems
characterized by ionic strength equal to 10~ M.

Energy minimization was performed to relax the initial structure. Then, a 150 ns NPT
ensemble simulation run was performed. The first 50 ns were considered as equilibration and
omitted in the data analysis. The V-rescale thermostat*’ with coupling constant 0.1 ps was

applied at reference temperature 7 = 298 K. The PLL was coupled to the heat bath as one

thermostating group while water and the ions were coupled as another group. The pressure was



controlled by the isotropic Parrinello-Rahman barostat*® with 2 ps coupling constant and
reference pressure 1 bar. To calculate long-range electrostatic interactions, the PME method was
used.* The van der Waals and short-range repulsive interactions were described using the
Lennard-Jones potential with a 1.0 nm cut-off. Throughout the simulations, all the bonds in the
PEs and water molecules were controlled by the LINCS®® and SETTLE®' algorithms,
respectively. A 2 fs time step within the leap-frog integration scheme was applied and the
trajectories were written every 10 ps. Periodic boundary conditions were applied in all directions.
All simulation visualizations presented are done using the VMD software package.’?> For each
frame, the PLL end-to-end distance was calculated as the distance between the terminal atoms of
the polyelectrolyte backbone, using gmx polystat GROMACS software package. The average
distance between the C, atoms as a function of time was calculated using gmx distance tool from

GROMACS.

3. Results and Discussion

3.1. Theoretical modeling results

The calculations presented hereafter were performed for PLL molecules composed of 25, 50
and 75 monomers (repeat units). The primary goal of these calculations was to determine the
density of the molecule in aqueous solutions, the chain diameter and the maximum extended
(contour) length of the molecule. Extrapolation of these results to larger molar mass of PLL
furnishes theoretical data that are inaccessible for direct theoretical modeling because of
excessive time of computations. In order to assess the validity of this extrapolation, through
experimental studies were performed yielding the diffusion coefficient, hydrodynamic diameter,

ionization degree, and intrinsic viscosity. These parameters can be directly related to the PLL



molecule density, chain diameter, and extended length derived from modeling. Typical snapshot
of PLL chain conformations obtained for ionic strength of 10 M and various monomer numbers

are shown in Figure 1.

PLL,s

PLL,,

PLL,

Figure 1. Snap—shots of PLL chain conformations of various monomer numbers derived from

MD modeling for 10~ M ionic strength.

The MD modeling was used to determine the PLL molecule density via the dilution method.
Accordingly, the size of the simulation boxes, where a single PLL molecule was confined, was
systematically decreased that resulted in the increase in the mass fraction from 0 to 0.01 (see

Figure 2).
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Figure 2. The dependence of p./ps on the mass fraction w, determined via MD modeling. The
dashed line shows the linear fitting of theoretical results. The corresponding simulation boxes for

the lowest and highest w), are shown as insets.

The density of these systems ps as well as the pure solvent p. was determined in these runs.
Then, the dependence of p./ps on w, was plotted (see Figure 2) and fitted by a straight line

characterized by the slope s, and the density was calculated from the formula:

P (1)

P :l+sp

In this way, one obtains at temperature of 298 K, p, = 1.60 = 0.02x10° kg m?.
For the sake of convenience, the theoretical data obtained from modeling are collected in

Table 1.
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Table 1. Physicochemical characteristics of PLL derived from MD modeling, 7= 298 K.

Quantity (unit), symbol Value

Chemical structure of

monomer
Density (kg m*), p, 1.60 £ 0.02 x10°
Specific Volgme of molecule 1.04 = 0.01
(nm’/kg), vs
Monomer volume (nm?), v, 0.217 £ 0.002
Monomer length for the 0.330 + 0.004

extended chain, /,, (nm)

Remarks

Monomer molar mass,
M; =0.209 kg mol!

This work, MD modeling
Calculated as 1024/(ppAy)
Calculated as 107xv,M|

This work, MD modeling

It should be mentioned that in every MD run, the conformation of PLL molecule dynamically

changed in time. In order to quantify this effect, histograms presenting the fluctuations in the

end-to-end length of the molecule are constructed for various PLL molar mass. In Figure 3

histograms obtained for PLL chains containing 25, 50, and 75 monomers and NaCl concentration

of 10 M are shown. From such histograms the average end-to-end length of PLL the molecule

was determined (Table 1). The obtained histograms are relatively smooth, which suggests that

the conformational sampling was representative enough and that the timescale applied in this

work was sufficient. As seen in Figure 3, the average end-to-end length was a linear function of

the number of monomers N,:

11



L =N, (2)
where /, is the constant equal to 0.220 + 0.003. One should expect that this is a valid estimate of
the monomer length in the limit of low ionic strength. Therefore, knowing /, one can predict by

extrapolation the average length of the PLL molecule of larger molar mass than it is feasible in

MD modeling.
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Figure 3. Upper part: the average PLL end-to-end (£?E) length as a function of the number of
monomers. The line denotes linear fitting of theoretical data. Lower part: the end-to-end distance
distribution for the PLL molecules with different number of repeat units derived from MD

modeling (NaCl concentration equal to 107 M).

On the other hand, the volume of a single monomer, v, = 0.217 £ 0.002 nm® was calculated
using the PLL density and its molar mass (see Table 1). Analogously, for each of the molecules
considered in the modeling, its volume was calculated (Table 2). Using these parameters and

considering the average end-to-end length obtained from simulation the effective chain diameter

12



of the molecule was calculated assuming its cylindrical shape using the equation d. = (va

/(mLe))'2. For all chain lengths the diameter was equal to 1.12 nm for ionic strength of 10~ M.

Table 2. Properties of the PLL chains with 25, 50, and 75 repeat units obtained from MD

modeling.

Number of monomers, Nm
Quantity (unit), symbol
25 50 75

Average end-to-end distance (nm), L. 5.52£0.01 10.74+0.02 16.96 +0.02

Maximum end-to-end distance (nm)

(contour length) 8.25£0.02  16.5£0.02  24.8+0.02

Molecule volume (nm?), v 543+0.05 10.85+0.10 16.28 +0.15

Chain diameter (nm), d.
(=10 M)

Diameter of extended chain (nm)
(I=0M)

1.12+0.01 1.13+0.01 1.11+0.01

0.92+0.01 092+0.01 0.92+0.01

Because the counter-ions were added to the system, in order to keep the overall charge neutral,
in the MD modeling one was unable to gain a direct access to the physicochemical properties of
the molecule in the limit of low ionic strength. However, using the PLL conformation at
I=10"°M, the PLL contour length and the diameter of extended chain were determined applying
the concept of a freely jointed chain (Kuhn chain).-* Accordingly, the PLL molecule was
considered as a collection of Nw/2 segments as presented in Figure 4. To preserve the trans
conformation of the PLL, the length of a single segment b was set to be equal to the average
distance between every other C, atom, averaged over the simulation time. The distance 5/2 can
be therefore considered as the single monomer length for the extended chain in trans

conformation, and denoted hereafter as /, (see Table 1). This enabled to calculate the contour

13



length as a product of the single monomer length and the number of monomers, i.e., Nmb/2,
where b = 0.660 + 0.004 nm. Then, using the volume of the molecule and its contour length, the

diameter of extended chain was calculated (see Table 2).

Figure 4. (a) The exemplary conformation of the PLLso and (b) the same conformation divided
into 25 segments. The zoom of the (¢) curved and (d) straight chain fragment. The odd C, atoms

are marked as orange spheres.

3.2. Basic physicochemical characteristics of PLL molecules

The density of PLL molecules, which up to our knowledge has not been reported so far in the
literature, was determined by the solution dilution method previously applied in Ref. °°. Briefly,
the PLL solutions in NaCl (concentration range 2x10°-0.15 M) of known mass fraction wy
varied within the range 0-5x10* are prepared. The density of these solutions ps is measured
using the densitometer with a precision of 5x103 kg m™. The dependence of pe/ps on w, obtained

in this way (where pe is the density of the pure NaCl solution) is fitted by a straight line having

14



the slope s, (see Figure 5). Then, the PLL molecule density in the NaCl solutions (p,) is

calculated fromeq 1.

1.00000 B /=2x10°M NaCl |
v 7=10"M NaCl
0.99996 | A /=10"M NaCl
¢ /=102M NaCl
® /=0.15M NaCl
« 0.99992 F
N
Q
0.99988 |-
0.99984 +
0.99980 -

0.0003 0.0004 0.0005 0.0006

Wp

0.0000 0.0001 0.0002

Figure 5. The dependence of the pe/ps on the mass fraction of PLL solutions wp for 7 = 2x107 to
0.15M, pH 5.4-5.6. The solid line shows the linear fit (y = ax +b) of experimental data with the

slope s, equal to -0.38.

It was calculated in this way that at the temperature of 298 K, p, = 1.61 £ 0.01 g cm™ for the
NaCl concentration range 2x107 to 0.15 M that agrees with the value derived from MD modeling.
Knowing the PLL density and using the average molar mas of 1.22x10? kg mol™ (Table 3) one
can calculate that the volume of one molecule v equals to 126 nm®. Moreover, considering that
the molar mass of the monomer is equal to 0.209 kg mol™, there is on average Nm = 584
monomers in the PLL molecule used in the experimental studies. Additionally, using the chain
diameter (0.92 nm) derived from MD modeling one can calculate the maximum extended length
of the molecule, assuming its cylindrical shape, from the formula L. = 4v,/(nd.?). It is equal to

190 nm that corresponds to the aspect ratio parameter A = L./d. of 206 (see Table 3).
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Table 3. Physicochemical characteristics of PLL used in experimental studies, 7= 298 K, pH

5.4-5.6.

Quantity (unit), symbol
Molar mass (kg mol™), M

Molar mass (kg mol™), M

Average molar mass,
(kg mol™), M,

Density (kg m?), p,
Average molecule volume
(nm?a), Vp

Equivalent sphere diameter
(nm)
Average number of
monomers, N

Average extended length
(maximum) (nm), Le

Average aspect ratio
parameter, A

Value

1.5%10%-3x10?

7.5%10'-1.9%x10?

1.22x10?

1.61 £0.01x10°

126

6.22

584

190

192

206

209

Remarks
Manufacturer, viscosity method

Manufacturer, MALLS

Manufacturer, number averaged,
MALLS

This work, dilution method

Calculated as
107x M , [(pp Av)
Calculated as:
(6 v, /m)
Calculated as
M. /M,
Predicted from the cylinder (rod)
model: 4 v, /(r d.*)
Calculated as:

N n
Using the MD /,, value

Calculated from the cylinder (rod)

model, Le/d.

Predicted from MD calculations

One can also predict that for a full ionization there should be 584 elementary charges per one
PLL molecule. This would produce the net charge per one molecule equal to 9.34x10"7 C.
However, this large nominal charge is significantly compensated in electrolyte solutions as a

result of the specific adsorption of counter-ions often referred to as Manning’s ion condensation.
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The significance of this effect was quantitatively evaluated in a recent publication .

Experimentally, the effective molecule charge in solutions can be estimated via the electokinetic
method as described in previous works.>>7%0 According to this approach, the electrophoretic
mobility of PLL molecules in its dilute solutions (100-200 mg L) is directly measured by
applying the LDV technique. The results collected in Table 4 indicate that the mobility decreased
with the NaCl concentration (ionic strength) from 4.5 pm cm (V s)! (for 2x10° M ionic
strength) to 2.1 um cm (V s)™! (for 0.15 M ionic strength). This corresponds to the zeta potential
of the molecule (calculated from the Henry model) of 82 and 40 mV. The positive value of the
mobility confirms that the electrokinetic charge of PLL molecule remains positive for the above
range of ionic strength and pH 5.4-5.6.

The diffusion coefficient of PLL molecules for various ionic strengths was determined by DLS as
above described. It was equal to 1.5 = 0.4x10"! m? s and 2.2 £ 0.3x10'"! m? s! at ionic strength
of 2x10” and 0.15 M, respectively (see Table 4). It should be mentioned, however, that the
precision of these measurements is limited for ionic strength below 10> M due to volume exclusion
effects enhanced by the long-range electrostatic interactions among charged PLL molecules.

Knowing the electrophoretic mobility 4z, and the diffusion coefficient D, one can determine the

electrokinetic (uncompensated) charge at PLL molecules from the previously used Lorentz—
Stokes relationship: !

kT

9= H 3)

where k is the Boltzmann constant and 7' is the absolute temperature.
Consequently, the number of elementary charges N: per one PLL molecule can be calculated

from the formula:

17



NC:q/e:6.25><101°I%T,ue (4)

where D is expressed in m? s, kT is expressed in J (kg m? s?) and u. is expressed in
pmcem (V s) L.

It should be mentioned, that eq 3 is valid for an arbitrary charge distribution, the shape of
molecules and for an arbitrary electrophoretic mobility. However, its accuracy decreases for
larger ionic strengths where the double-layer thickness x”/ = (ekT/2¢’I)'? (where ¢ is the electric
permittivity of the solvent, e is the elementary charge, I = (Y;ciz” )/2 is the ionic strength, c; are
the ion concentrations, z; are the ion valences) becomes comparable with the PLL molecule
diameter.

Using the experimental data obtained from electrophoresis (LDV) and DLS one obtains from
eq 4 that N, decreases with ionic strength from 75 (2x10° M) to 24 (0.15 M), see Table 4. Given
that the number of monomers in the PLL molecule was equal to 584 this indicates that the
electrokinetic charge is only a small fraction, ca. 4-13 % depending on ionic strength, of the
nominal molecule charge. It is interesting to mention that such behavior was previously reported
for PSS,%? PAH,® PDADMAC,>® and for HSA molecules.®

It should be mentioned that the electrokinetic charge is physically interpreted as that, which
moves with the molecule, i.e., it is located below the shear plane.®* Therefore, the electrokinetic
charge is usually smaller (in absolute terms) than the condensed (specifically adsorbed) charge.
This prediction is confirmed in the present case of PLL where the condensed charge predicted
from MD modeling®® was equal to 26% of the nominal charge of the molecule, which is ca. two

times larger than the electrokinetic charge in the limit of low ionic strength.

18



Additionally, knowing the diffusion coefficient and the dynamic viscosity of the solution 7 one

can calculate the hydrodynamic diameter du of the PLL molecule using the Stokes—Einstein

relationship:
— (5)
3znD

For ionic strength of 0.15 and 2x10° M one obtains from eq 5 dy = 22 = 3 and 32 + 8 nm,
respectively (see Table 4). Because the hydrodynamic diameter is independent of the temperature

and the solvent viscosity, it can be used for determining the PLL molecule dimensions.

Table 4. Experimental characteristics of PLL solutions at pH 5.4 — 5.6 and various NaCl

concentrations.
M) (nm) (m*s™) (nm)  (umem (Vs)!)  (mV) ¢
2x107 68.7 1.5+0.4x10"" 3248 4.5 +0.25 82 75 0.13
10* 30.5 1.6 £0.4x10"" 30 +7 4.2 +£0.25 76 65 0.11
103 9.63 1.9 +£0.4x10"" 26 +6 3.7 £0.25 70 50 0.085
102 3.05 2.0+0.3x10"" 24 +4 3.540.2 63 44 0.076
0.15 0.786 2.2 +0.3x10"" 2243 2.1 +0.2 40 24 0.041

o" = No/Nm is the effective ionization degree

The above discussed results derived from MD modeling indicate that for lower ionic strength
the PLL molecule shape can be approximated by a slender body characterized by the aspect ratio
parameter 4 much larger than unity. In this case, the hydrodynamic diameter can be expressed in

the analytical form:®>-¢7
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L A
d, = > =d =14 6
" (qIn2i+c,) ‘¢In2i+c, KA (©)

where c1, ¢> are the dimensionless constants depending on the shape of the body.

For prolate spheroids c1 = 1, ¢z = 0; for blunt cylinder ¢ = 1, ¢z = -0.11;%%% for linear chain of
touching beads ¢1 = 1, ¢2 = -0.25, for half circles ¢1 = 0.95, ¢ = 0.02, and for a string of beads
forming a torus ¢ = 0.95, ¢ = 0.67.5%%

Taking the average value of Le = 190 nm and 4 = 206 (see Table 3) one obtains from eq 6
32.1 nm (cylinder) and 32 nm (half circle). These values agree with experimental data obtained
in the limit of low ionic strength within experimental error bounds.

One should remember, however, that the precision of hydrodynamic diameter determination
becomes limited for the lower ionic strength range because of the uncertainty of the diffusion
coefficient measurement induced by the electrostatic interactions among molecules in solution.

The aspect ratio parameter and the extended length of macroions can be more accurately
determined via the dynamic viscosity measurement that was previously demonstrated in the case

of PDADMAC solutions.
3.3. Dynamic Viscosity Measurements

Initially, the dependencies of the dynamic viscosity on PLL on its volume fraction @v = cu/pp
was measured (where ¢, is the PLL mass concentration in the bulk) for various NaCl
concentrations in the range of 2x107° to 0.15 M. The isotonic electrolyte solutions required for
the lower ionic strength were prepared considering the above estimated PLL molecule ionization
degree, which results in the following correction to the overall ionic strength:

I =%x10’6Nccb /M, (7)
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where c5 is expressed in mg L.
One can calculate from eq 7 that for ¢, = 50 mg L' and N. equal to 75, the ionic strength

changes due to PLL dissociation amounts to ca. 2x107° M.
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Figure 6. Part (A) The dependence of the relative viscosity increment 7; on the volume

concentration of PLL solutions @y. The solid line denotes a linear fit of experimental data. Part
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(B) The dependence of 7/ @y on the volume concentration of PLL solutions @y. The solid lines

denote the linear fits (y = ax+b) of experimental data.

The dependencies of the relative viscosity, 77 on the PLL volume fraction @y acquired for
I=2x10" and 10* M is presented in Figure 6A. The slopes of these dependencies in the limit of
low volume fractions, decreases from 2420 and 2110, respectively, corresponds to the intrinsic
viscosity [#] of PLL. The precision of this intrinsic viscosity determination can be increased by
plotting 7/ @y against @y. The experimental results plotted in this way are shown in Figure 6B.
The intrinsic viscosity is obtained as the intersection point of the line fitting the experimental
data with the vertical axis. In this way one obtains [#] = 2400 and 2100 that agrees with the
above value within experimental error bounds. The experimental values of the intrinsic viscosity
obtained in this way for various ionic strengths are collected in Table 5.

One can observe that the increase in the intrinsic viscosity for ionic strength 2x10° M
compared to 10* M amounts to only 15% although the double layer thickness increased more
than two times. This confirms that the slender body regime is attained where the PLL molecules
assume extended conformation theoretically predicted from MD modeling. Accordingly, as
shown in previous works>®7° the intrinsic viscosity for the slender body regime can be calculated

for A >> 1 from the formula:®®

2 2

[7]=q, +c, = f,(4) (®)

+c,,
In24-0.5 In24-1.5
where c1v = 3/15, cay = 1/15 and ¢, equals 14/15 for blunt cylinders.

A numerical inversion of eq 8 yields the experimental value of the aspect ratio parameter:

A=1" (D) )
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However, because of relatively large dispersity index of PLL sample used in this work (see
Table 3), one should first estimate the correction accounting for this effect. This becomes
feasible if one considers that for an arbitrary molar mass distribution, the average value of a
continuous function of macroion molar mass f (M) can be calculated from the general formula

(see Supporting Information section):
?:ﬁ)[ucf(z\_ln)éﬂ (10)

where fo = f( M, ), Cris the dimensionless constant depending on M., and oy is the normalized
standard deviation of the molar mass distribution.
Considering eq 8 one can show that the correction to the experimentally measured intrinsic

viscosity is explicitly given by (Supporting Information section):

[7,]=[71(1+C,c2)" (11)

where [7,] is the corrected intrinsic viscosity and the C, constant is given by

o 3B3B 3B
T2 8438 BB

(12)

where S = ! B, = ! » Ao &
In24,-0.5 In24,-1.5 d

c

Taking for example 1o = 200 one obtains f; = 0.182, > = 0.223, and C, = 0.725. Thus, for

ow= 0.1 (small macroion dispersity), [70] = 0.993[y] and for &, = 0.3 (large macroion
dispersity), [770] = 0.939[#]. One can observe that the correction to intrinsic viscosity is relatively
minor, ca. 6% even for large macroion dispersity.

In an analogous way, considering eq 6, the correction for the hydrodynamic diameter is

described by:
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d, =d,(1+C,ou)" (13)
where d,, 1s the corrected hydrodynamic diameter and the constant Cy is given by:

0.5 c
=76 + 2
¢In24 +c, c¢(n24 +c,)

(14)

Taking for example: 49 = 200, ¢1 = 1, and ¢z = -0.11 (this corresponds to cylindrical shape of
the molecule) one obtains Cy = -0.056. Thus, for ou =03, du = l.OOSZ. This indicates that

the correction to the hydrodynamic diameter is practically negligible.
The dependence of the corrected intrinsic viscosity ionic strength and the double-layer

thickness (upper horizontal axis) is plotted in Figure 7.

k' [nm]
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Figure 7. The dependence of the intrinsic viscosity [#] of PLL molecules on the ionic strength /.
The solid line denotes the non-linear fit of experimental data, the dotted line shows the
theoretical slender body limit for a rod. The dashed line shows the theoretical results calculated

from the interpolation formula of Rushing and Hester,”! i.e. []=(14.1+ 11 x %)%,
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One can observe that for ionic strength up to 10> M the experimental results are well reflected
by the semi-empirical interpolation formula derived by Rushing and Hester.”! However, for
lower ionic strength, the experimentally observed variation in the intrinsic viscosity become less
abrupt that predicted by this formula because the molecules assume the most extended shape
attaining the slender body limit (depicted by the dotted line in Figure 7).

The corrected values of the intrinsic viscosity are also collected in Table 5. Using the
experimental data, one can calculate from eq 9 the A. parameter for the slender body cylinder
model. Additionally, knowing A. and assuming that its volume is equal to molecule volume v,
(126 nm®) one can calculate the effective length of the PLL molecule for various ionic strengths

from the formula:

L =@ [n)"” (15)

Table S. Equivalent cylinder lengths and chain diameters for PLL molecules for various ionic

strengths.

I ; L. d. Se
M) [ [ e m)  (m)  (md)
0 2220 206" 190" 0.92" 175"
2280™ 209 192™ 0.92™ 177

2x107 2420 +£20 2270+20 208 191 0.92 176

10 2110+£20 1980+ 20 194 182 0.94 171
1.10 145

3

10 870 £ 20 820 £ 20 119 137 1.12* 153"
1072 320+ 10 305+ 10 68.0 91 1.33 118
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0.15 120+ 10  115+10 43.0 66.6 1.55 100

*Viscosity corrected for sample dispersity according to eq 11.
*Calculated from molar mass.
“Calculated from MD modeling for N = 584.

Consequently, the equivalent cylinder diameter can be calculated as d. = L/A.. Values of A, the
effective length L, the diameter d., and the molecule cross-section area S, = d. L. calculated in
this way are also given in Table 5. One can notice that the axis ratio parameters varies between
208 and 43 for ionic strength of 2x10°and 0.15 M, respectively. Since this length to width
parameter remains much larger than unity, this validates the use of eq 8 for calculating the
intrinsic viscosity in the case of cylinders.

It is interesting to mention that the equivalent cylinder lengths agree with the molecule end-to-
end lengths theoretically predicted from the MD modelling for larger ionic strengths. Therefore,
the results shown in Tables 5 indicate that even for the high ionic strength up to 0.15 M, PLL
molecules assume an elongated shape characterized by the length to width ratio exceeding 43.

These data have significance for interpreting PLL adsorption at various surfaces, which is often

30,72-74 11,75-78

used for creating supporting layers for deposition, protein immobilization, and for

producing macroion films in the layer-by-layer processes.”

Another aspect of practical significance is that the intrinsic viscosity data can be used for the
determination of the molar mass of macroions samples with a precision exceeding other
conventional techniques. The basic steps of the method are as follows: initially the macroion
intrinsic viscosity in the limit of low ionic strengths (preferably below 10* M) is determined

applying dynamic viscosity measurements. In order to increase the precision of the intrinsic

viscosity value one can apply a parabolic extrapolation of the experimental data to negligible
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ionic strength. Then the aspect ratio parameter A is calculated using the iterative scheme of

inverting eq 8:

/1:(—15 [n']jz (16)
A
where:

gy =— 1 (a7)

(In24—05)  (n24 15

1
and 4, =(15 [77)?; [7'1=[n]—c,. The precision of eq 16 is ca. 1% for the intrinsic viscosity

range above 20.

Finally, considering that Ad = Le= ::Z ~and v, =107 % one can calculate the average
molar mass of macroion from the linear dependence:

M, =107 %dj p,AA=C,A (18)
where:

C, = 4.73><104dc3pp (19)

One can observe that, in order to explicitly evaluation of eq 18 one needs the value of the
macromolecule chain diameter. Hence for PLL, considering that d. = 0.92 nm one obtains
Cn=0.593 kg mol™.

One can estimate using eq 11 that this simple scheme gives a 2% precision for the macroion
samples characterized by om <0.2. For macroion samples characterized by larger dispersity, for

example 0.3, the precision is equal to 4%.
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The utility of this method is illustrated by following examples. Taking the value of [#] = 2420

predicted for 2x10° M (see Table 5) one obtains from Eq. (16) 1 = 216, hence M, =128

kg mol! (for d. = 0.92 nm), which is only 5% above the experimental value derived by MALLS.

For 10“ M, taking [7] = 2110 one obtains from Eq. (16) 2 =201, hence M, = 120 kg mol" (for
d. = 0.92 nm), which is only 2% below the experimental value derived by MALLS and
electrophoresis.

It is also worth mentioning that it can be efficiently implemented without using internal molar

mass standards.
4. Conclusions

Physicochemical properties of poly-L-lysine molecules were thoroughly determined by
Molecular Dynamics (MD) modeling, DLS, LDV, and dynamic viscosity measurements.

The modeling enabled to calculate several parameters of primary significance that were not
before known such as the density equal to 1.6x10° kg m™, the chain diameter equal to 0.92 nm,
and the monomer length was equal to 0.33 nm. The latter value allows to calculate the extended
(contour) length of the molecule of arbitrary molar mass. Good agreement between experiments
and theoretical results, indicates that the MD modeling can serve as a prediction tool of the
polyelectrolyte properties in bulk solution. Additionally, the MD simulations provided detailed
information about the polyelectrolyte conformation at molecular level, which helped with the
experimental data interpretation.

These results enabled a quantitative interpretation of experimental data comprising the
diffusion coefficient, the hydrodynamic diameter and intrinsic viscosity of molecules determined

for the ionic strength range 2x10° to 0.15 M. Using the electrophoretic mobility and the
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diffusion coefficient data it was determined that the electrokinetic charge of PLL molecules is
considerably smaller than the nominal charge calculated from ionization equilibrium.
Consequently, the effective ionization degree varied between 13 and 4 % for ionic strength of
2x107% and 0.15 M, respectively.

On the other hand, the dynamic viscosity measurements for dilute PLL solutions enabled to
determine the intrinsicic viscosity, which confirmed that PLL molecules assume extended
conformations at all ionic strength. Thus, at ionic strength of 2x107°> M the length of the molecule
is equal to 190 nm, the chain diameter is equal to 0.92 nm and the cross-section area in the side-
on orientation is equal to 176 nm?. At ionic strength of 10> M the experimentally determined
length of the molecule is equal to 132 nm, the diameter 1.1 nm and the cross-section area in the
side-on orientation is equal to 145 nm?,

These data enable to select optimum parameters for an efficient formation of PLL mono and
multilayers on various substrates, which can serve as platforms for immobilization of
nanoparticles and protein molecules. Also, the shell formation on microcapsules used in targeted
drug delivery systems can be better controlled exploiting the above information about the PLL
molecule conformations and charge under various physicochemical conditions.

Another aspect of practical significance is that the intrinsic viscosity data can be used for
determination of the molar mass of PLL samples with a precision 1-4%, which exceeds the
precision of other techniques. Information about the sample dispersity and internal standards are

not required in order to efficiently implement this method.
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