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A B S T R A C T   

Poly(L-arginine) (PARG) and poly(L-glutamic acid) (PLGA) homopolypeptides were custom synthesized by precision N-carboxyanhydride ring-opening polymeri
zation methods with two molar masses, matched for pairs of cationic and anionic polypeptides (degrees of polymerization n = 100 and n = 500). The conformations 
of the homopolypeptides were probed using circular dichroism (CD) and FTIR spectroscopy which revealed the presence of mainly polyproline II (PPII) conformation. 
Small-angle X-ray scattering (SAXS) showed concentration-dependent polyelectrolyte peaks and form factor with high q scaling due to the excluded volume 
behaviour of the wormlike chains. We then examined polyelectrolyte complexation in mixtures of pairs of PARG and PLGA polypeptides with matched molar masses. 
Precipitation was generally observed and the structures of precipitates, supernatant and resuspended precipitates were investigated using CD, SAXS and cryo-TEM. 
These revealed that, contrary to prior suggestions in the literature, the precipitates contain mostly polypeptides in a PPII-like conformation, and there is only a 
minimal β-sheet content (which is enhanced upon drying the sample during preparation for certain measurements). The precipitates have a fractal-like structure as 
revealed by cryo-TEM and SAXS. Our findings on the structure of polypeptide complex precipitates contribute to the understanding of phase separation of poly
electrolyte complexes and coacervation and may shed light on the formation of inter-cellular bodies of proteins and peptides such as Lewy and other inclusion bodies.   

1. Introduction 

Natural biomolecules including nucleic acids and proteins are by 
nature polyelectrolytes and oppositely charged biopolymers of this type 
can associate in solution. Polyelectrolyte complexes can form in vivo (in 
membraneless organelles), and have been proposed to have a possible 
role as ‘protocells’ in the pre-cellular evolution of living systems [1–7]. 
They have attracted considerable recent interest in these respects, and 
also in the development of membrane-free compartmentalized struc
tures for encapsulation and other applications [4,7–10]. Polyelectrolyte 
complexation can lead to the formation of coacervates (liquid com
plexes) or solid precipitates via phase separation processes [11–14]. 
Precipitates are kinetically trapped structures that result from ion pair 
interactions between ‘stronger’ polyelectrolytes [14]. The formation of 
liquid as opposed to solid complexes depends on a number of factors 
including the strength of the polyelectrolyte and the chirality of the 
polymer. Tirrell and coworkers reported in a study on poly(lysine) and 
poly(glutamic acid) that liquid coacervates are formed with random 
racemic D, L-polymers whereas complexes of homochiral versions (L- or 
D-enantiomers) of these polymers formed solid precipitates, this being 

ascribed to the ability of the oppositely charged polypeptides to form 
aggregating β-sheets [15,16]. Complexation of polyelectrolytes is 
favourable, due to enthalpic electrostatic interactions but predomi
nantly arising from the entropy increase associated with counterion 
release [14,17,18]. 

Synthetic polymers including homopolypeptides and others offer 
advantages in the study of the physical chemistry of polyelectrolyte 
complexation in that the sequence and charge distribution are specified 
by design, for example they are fully repetitive for homopolyelec
trolytes. In previous work, many examples of synthetic polyelectrolytes 
have been used. Model polyanionic polymers include poly(glutamic 
acid), (especially poly(L-glutamic acid), PLGA), poly(acrylic acid) (both 
usually available as sodium salts) or poly(styrene sulfonate) while model 
cationic polyelectrolytes studied include poly(L-lysine), poly(allylamine 
hydrochloride) or poly(diallyldimethylammonium) (prepared as halide 
salts) [7,9,14,19–23]. Here, we study polyelectrolyte complexation of 
poly(L-glutamic acid) and poly(L-arginine) (PARG) (structures shown in 
SI Scheme S1). PARG has been relatively less widely investigated as a 
model polyelectrolyte. Due to the presence of highly basic guanidinium 
groups, it is expected to behave as a strong polyelectrolyte [14]. In 
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contrast, PLGA as a poly(carboxylic acid) is classed as a weak poly
electrolyte [14]. PARG is of interest both as a model cationic poly
electrolyte and also due to potential applications in cell-penetrating 
peptides for delivery of nucleic acids and in antimicrobial materials. 

Here we show that PARG and PLGA (both with two molar masses, 
custom synthesized) form solid precipitate complexes. The structure of 
the complexes is investigated as a function of the mixture stoichiometry 
(net charge) using cryogenic-transmission electron microscopy (cryo- 
TEM) and small-angle X-ray scattering (SAXS), and changes in the 
polypeptide conformations upon complexation are examined using FTIR 
and circular dichroism spectroscopy, as well as X-ray diffraction. 

2. Experimental 

2.1. Synthesis 

Polyelectrolytes poly(L-glutamic acid) (PLGA) and poly(L-arginine) 
(PARG) were synthesized using N-carboxyanhydride (NCA) ring- 
opening polymerization chemistry, as detailed in the SI. For each 
polymer, two molar masses corresponding to degrees of polymerization 
n = 100 and n = 500 were prepared. The molar masses and dispersity 
indices are provided in Table 1. These molar masses were selected as 
being suitable for possible applications, and also for comparison with 
work from Tirrell’s group who studied PLGA and P(L-lysine) (and other 
enantiomers) with n = 100 and n = 400 [7,16]. 

The deprotected polypeptides were characterized by NMR spectros
copy and Size Exclusion Chromatography (SEC). 

2.2. NMR spectroscopy 

1H NMR measurements were performed with a 400 MHz Bruker 
Avance Neo instrument. Deuterium oxide (D2O) was used as the solvent 
for the deprotected polypeptides, while deuterated chloroform (CDCl3) 
was employed as the solvent for NCAs as well as the protected poly
peptides, at room temperature. NMR spectra are shown in SI Fig. S1 and 
SI Fig. S2 for PLGA and PARG respectively. The results reveal that the 
poly(L-arginine) is 96% deprotected, while the poly(L-glutamic acid) is 
99% deprotected. 

2.3. Size Exclusion Chromatography 

Size exclusion chromatography (SEC) was employed to determine 
the weight-average molar mass Mw and dispersity Ð = Mw/Mn values. 
The analysis was performed using a Waters Breeze instrument equipped 
with a 2410 differential refractometer and a Precision PD 2020 two 
angle (15◦, 90◦) light scattering detector. The carrier solvent was a 
0.10% TFA (v/v) solution of water/acetonitrile (80/20 v/v) at a flow 
rate of 0.8 mL min− 1 at 35 ◦C. Three linear Waters hydrogel columns 
were used as a stationary phase. The SEC elugrams of the deprotected 
homopolypeptides are shown in SI Fig. S3. 

2.4. Sample preparation 

Solutions of pure PARG100, PARG500, PLGA100 and PLGA500 were 

prepared by adding weighed amounts of material into weighed amounts 
of water, followed by 15 min of sonication in an ultrasound water bath. 
Binary solutions, containing PARGx/PLGAx (x = 100 or 500) at net 
charge 0 or -0.5 (calculated using the Henderson-Hasselbalch equation 
[24]), were prepared by mixing controlled volumes of pure PARGx or 
PLGAx solutions. Binary solutions were vortexed for 15 s, immediately 
after their component solutions were mixed. Mixing equal amounts of 
2.2 wt% PARGx and 2.6 wt% PLGAx solutions, provided a 1.1 wt% 
PARGx:1.3 wt% PLGAx mixture with net charge 0. Similarly, mixing 
equal amounts of 1 wt% PARGx and 0.6 wt% PLGAx solutions, provided 
a 0.5 wt% PARGx:0.3 wt% PLGAx solution with net charge = − 0.5. 

2.5. Circular dichroism (CD) spectroscopy 

CD spectra were recorded using a Chirascan spectropolarimeter 
(Applied Photophysics, Leatherhead, UK). Solutions were placed be
tween parallel plates (0.01 mm path length). Spectra were measured 
with 0.5 nm step, 0.5 nm bandwidth, and 1 s collection time per step. 
The CD signal from the water background was subtracted from the CD 
data of the sample solutions. CD signals were smoothed using the 
Chirascan software for data analysis. The residue of the calculation was 
chosen to oscillate around the average, to avoid artifacts in the 
smoothed curve. 

2.6. Fourier transform infrared (FTIR) spectroscopy 

Spectra were recorded using a Thermo-Scientific Nicolet iS5 instru
ment equipped with a DTGS detector, with a Specac Pearl liquid cell 
(samples in D2O contained between fixed CaF2 plates). Spectra were 
scanned 116 times over the range 900–4000 cm− 1. 

2.7. Polarized optical microscopy (POM) 

Experiments were performed using an Olympus BX41 polarized mi
croscope, fitted with a Canon G2 digital camera. For Congo red bire
fringence experiments, precipitates were incubated for 3 h in a 0.1 wt% 
Congo red solution. Afterwards, a drop of sample was covered with a 
microscope coverslip and observed through the crossed polarizers of the 
microscope. 

2.8. X-ray diffraction (XRD) 

Measurements were performed on stalks prepared by drying a drop 
of solution suspended between the ends of wax-coated capillaries. The 
stalks were mounted onto a four axis goniometer of an Oxford Diffrac
tion Gemini Ultra instrument. The sample− detector distance was 50 mm 
and the X-ray wavelength was λ = 1.54 Å. 

2.9. Cryogenic-TEM (Cryo-TEM) 

Imaging was carried out using a field emission cryo-electron micro
scope (JEOL JEM-3200FSC), operating at 200 kV. Images were taken in 
bright field mode using zero loss energy filtering (omega type) with a slit 
width of 20 eV. Micrographs were recorded using a Gatan Ultrascan 
4000 CCD camera. The specimen temperature was maintained at − 187 
◦

C during the imaging. Vitrified specimens were prepared using an 
automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon 
copper grids with a hole size of 3.5 μm. Just prior to use, grids were 
plasma cleaned using a Gatan Solarus 9500 plasma cleaner and then 
transferred into the environmental chamber of a FEI Vitrobot at room 
temperature and 100% humidity. Thereafter 3 μl of sample solution was 
applied on the grid and was blotted twice for 5 s and then vitrified in a 1/ 
1 mixture of liquid ethane and propane at temperature of − 180 ◦C. The 
grids with vitrified sample solution were maintained at liquid nitrogen 
temperature and then cryo-transferred to the microscope. 

Table 1 
Мolecular characteristics of the synthesized deprotected homopolypeptides.  

Polymer Mn x 10− 3a Mn,stoich x 10− 3 Ð 

PARG100 16.1 15.6 1.11 
PARG500 75.5 78.0 1.21 
PLGA100 13.1 12.9 1.09 
PLGA500 62.1 64.5 1.23  

a Obtained by SEC-TALLS using as a carrier solvent a mixture of 0.10% TFA 
(v/v) solution of water/acetonitrile (80/20 v/v) at a flow rate of 0.8 mL min− 1 at 
35 ◦C. 
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2.10. Small angle X-ray scattering (SAXS) 

Experiments were performed on beamline B21 (Diamond Light 
Source Ltd., UK) [25] and at beamline SWING (SOLEIL, France) [26]. On 
beamline B21, samples were loaded into the 96-well plate of an EMBL 
BioSAXS robot and then injected via an automated sample exchanger 
into a quartz capillary (1.8 mm internal diameter) in the X-ray beam. 
The quartz capillary was enclosed in a vacuum chamber. The flow of the 
sample through the capillary was continuous during the SAXS data 
acquisition. Beamline B21 operated with a fixed camera length (3.9 m) 
and a fixed wavelength (λ = 1.00 Å). The images were captured using a 
Pilatus 2 M detector. Data processing (background subtraction, radial 
averaging) was performed using the dedicated beamline software 
ScÅtter. On SWING, samples were delivered to a quartz capillary under 
vacuum in the x-ray beam using a BioSAXS setup. Data were collected 
using an in-vacuum EigerX-4M detector, with an x-ray wavelength 
1.033 Å at two sample-to-detector distances, 6.217 m and 0.517 m. Data 
were reduced to one-dimensional form as a function of wavenumber q =
4πsinθ/λ (where 2θ is the scattering angle) and averaged and back
ground subtracted using the software Foxtrot [26]. 

2.11. SAXS models 

The SAXS data was fitted using a form factor for a wormlike chain 
with excluded volume interactions [27]. In this model, a chain of con
tour length L is made of locally stiff segments of persistence length lp. 
The Kuhn length ξ = 2lp describes the stiffness of the chain. The chain 
has a non-negligible circular cross section with radius R. The model 
allows for excluded volume interactions via R. In our fits we set ξ = 8 Å 

[16], equal to the measured value for PLGA (ξ = 8 Å) [28,29] and similar 
to that for modelled polypeptide chains (ξ = 7.45 Å in the inhomoge
neous partially freely rotating chain model) [30]. We also set L = 100 or 
500 for polymerization degree 100 or 500 respectively. 

The radius of gyration of the cross section of polyelectrolytes in salt- 
free aqueous solution, Rg,c= R/21/2 has been previously measured by 
small angle scattering, and reported as Rg,c = 3 Å (R = 4.2 Å) for poly 
(styrene sulfonate) [31], and Rgc = 5.1 Å (R = 7.2 Å) for polyacrylic acid 
[32]. Here, we set R = 5 Å, corresponding to the average over the set of 
values obtained from the first round of fits to the SAXS curves. As pre
viously reported in the literature for closely related systems [16], the 
low-q upturn in the SAXS intensity was described using the function I(q) 
= C0 + C1q− α. 

The structure factor was qualitatively described as a Lorentzian 
function, with amplitude A; position of peak maximum q0; width W and 
background BG. In this model, 2π/q0 and 2π/W represent the average 
distance between interacting chains and correlation length respectively. 

3. Results 

We investigated the conformation and structure of polyelectrolyte 
complexes of poly(L-glutamic acid) (sodium salt) PLGA and poly(L- 
arginine) PARG (hydrobromide salt) (molecular structures shown in SI 
Scheme S1) for two pairs of molar masses, with average degrees of 
polymerization n = 100 and n = 500 respectively. The complexation was 
studied as a function of mixture stoichiometry and hence net charge. The 
net charges for the mixtures studied calculated using the Henderson- 
Hasselbalch equation assuming arginine pKa = 12.5 and glutamic acid 
pKa = 4 [24] are shown in SI Fig. S4. The pH was measured in the range 

Fig. 1. SAXS data measured for (a) PLGA100, (b) PLGA500, (c) PARG100 and (d) PARG500 solutions in the range of concentrations (0.3–1) wt%. SAXS curves have been 
shifted in order to enable visualization. 
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6–7 for the mixtures studied (SI Table S1) and according to the calcu
lated net charge, this corresponds to net charge 0 for near equimolar 
mixtures and net charge − 0.5 for the asymmetric mixtures 0.5 wt% 
PLGA:0.3 wt% PARG studied. 

3.1. Homopolypeptides 

Before presenting results for the polyelectrolyte complexes, we 
examined the conformation of the PLGA and PARG polymers studied 
using CD and SAXS. The results are compared to prior literature results. 

Circular dichroism spectra for all four polymers studied: PLGA100, 
PLGA500, PARG100 and PARG500 (the subscripts indicate the degree of 
polymerization, Table 1) are shown in Fig. S5. The spectra for both PLGA 
samples show features of polyproline II (PPII) conformation, i.e. a 
negative minimum at 197 nm and a positive maximum near 220 nm, as 
previously reported for PLGA at high pH [33,34]. The spectra for the two 
PARG samples show qualitatively similar features, although the negative 
minimum at 197 nm is less sharply defined. The maximum in the spectra 
in the range 210–220 nm has previously been observed for poly 
(L-arginine) in aqueous solution in a pH range 2.7–12 [35–38] and for 

Fig. 2. Complexation at charge 0. CD data for re-suspended precipitate (turbid) and supernatant for samples (a) 1.3 wt% PLGA100:1.1 wt% PARG100 and (b) 1.3 wt% 
PLGA500:1.1 wt% PARG500. FTIR and SAXS data for resuspended precipitate, precipitate and supernatant for (c,e) 1.3 wt% PLGA100:1.1 wt% PARG100 and (d,f) 1.3 wt 
% PLGA500:1.1 wt% PARG500. SAXS curves have been shifted to enable visualization. 
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aqueous salt solutions with pH 5.7–11.7 (where the minimum at 198 nm 
was also reported) [39]. Our CD results thus indicate that all four 
polyelectrolytes adopt PPII-like conformations in aqueous solution. FTIR 
was also used to examine the secondary structure of the polypeptides. 
The data is shown in SI Fig. S6. For the two PARG samples, the peaks at 
1646-1647 cm− 1 are consistent with polyproline II conformation 
(although it is difficult to distinguish PPII from disordered/random coil 
in FTIR spectra of peptides) [40,41]. The peaks at 1607-1610 cm− 1 and 
1587-1588 cm− 1 are associated with polyarginine side chain (guanidyl 
group) modes [42–45]. The peak at 1672 cm− 1 observed for PARG500 is 
due to bound TFA counterions [46–48] and/or the presence of guanidyl 
groups in residual H2O [42]. The peaks observed for both PLGA poly
mers at 1646-1647 cm− 1 are similarly assigned to polyproline II while 
peaks at 1563-1564 cm− 1 are due to COO stretch deformations in glu
tamic acid [42]. Thus FTIR is compatible with CD and indicates that the 
homopolyelectrolyte polypeptides have PPII structure. 

We further used SAXS to measure the form and structure factors of 
the homopolyelectrolytes in aqueous solution to probe the conformation 
and packing of the extended polyelectrolytes. The SAXS data is shown in 
Fig. 1. As mentioned in the Experimental section, all data could be fitted 
using a model comprising the form factor of wormlike chains with a 
Lorentzian function to describe the structure factor peak observed for all 
samples except PARG100. This model describes well the data for all four 
polymers, and the fit parameters are listed in SI Table S2 and SI Table S3. 
The structure factor peak arises from inter-chain correlations due to 
electrostatic repulsions in the polyelectrolyte solutions [20,49,50]. The 
peak shifts to higher q as concentration is increased [20]. This corre
sponds to a reduction in the domain spacing associated with the poly
electrolyte ‘correlation hole’ with concentration as shown in SI Fig. S7, 
which also shows empirical scaling relationships d0 ~ c− 0.5. This is the 
behaviour observed for the polyelectrolyte peak for semidilute poly
electrolyte solutions (c− 1/2) [18,20]. 

The wormlike chain form factor resulting from the extended poly
peptide conformation for PLGA shows an intensity scaling I(q) ~ q− 1/ν =
q− 1.7 at high q, which is due to the excluded volume behaviour (Flory 
exponent ν = 0.588 predicted) [51] of the wormlike chains [27]. The 
high q scaling behaviour observed for the two PARG polymers is I(q) ~ 
q− 1.2, although this is likely to be influenced by the broad structure 
factor peak tails, since this peak is significantly broader (and at higher q) 
than the peak observed for the PLGA polymers, indicating a more 
disordered and shorter length scale correlated polyelectrolyte chain 
packing. In the fitting, the contour length was fixed at L = 100 Å for the 
two polymers PARG100 and PLGA100 and L = 500 Å for the PARG500 and 
PLGA500, for all three concentrations studied. These values are lower 
than those used in the wormlike chain form factor fitting of SAXS data 
from poly(L-lysine) with n = 100 and 400 and mixtures with poly(D, 
L-glutamic acid) [16]. The radius of the wormlike chains from the fits for 
solutions of all four polymers was fixed at R = 5 Å. This value is 

consistent with the effective radius of the backbone of the poly
electrolytes, as previously reported for PLGA sodium salt [29,52] as well 
as poly(D-glutamic acid) in aqueous solutions [53]. To the best of our 
knowledge, SAXS data has not previously been described for poly 
(L-arginine), although reported SAXS measurements for oligo(arginine) 
show a polyelectrolyte structure factor peak (the form factor was not 
analysed) [54]. 

3.2. Mixtures of polypeptides 

Having established using CD spectroscopy that all four polymers 
adopt PPII-like structures and have extended conformations describable 
using a wormlike chain conformation in modelling SAXS form factors 
(with additional polyelectrolyte structure factor peaks), we now turn to 
examine the behaviour of mixtures of pairs of PLGA/PARG polymers 
(with matched molar masses) as a function of stoichiometry which in 
turn controls the net charge on polyelectrolyte complexes formed. We 
first consider the case of a near equimolar mixture (expected net charge 
0). These were found to form solid complexes and precipitates were 
observed (SI Fig. S8). The data from CD, FTIR and SAXS are shown in 
Fig. 2 for the precipitate, resuspended precipitate and supernatant for 
comparison. The CD spectra for both pairs of polymers (n = 100 and n =
500) are qualitatively similar. The spectra have features of PPII (nega
tive minimum at 197 nm and positive maximum near 220 nm), as dis
cussed above for the homopolyelectrolytes. This is more enhanced in the 
spectra for the mixtures compared to the homopolymers, especially for 
the resuspended precipitate. This may be due to a contribution from 
β-sheet structure which leads to a minimum in the CD spectrum, ex
pected at 216 nm [55–57] but red-shifted due to aggregation, leading to 
a minimum near 230 nm in the spectra in Fig. 2a and b. FTIR spectra 
shown in Fig. 2c and d for the precipitate or resuspended precipitate 
contain peaks similar to those for the homopolypeptides discussed 
above, i.e. there is a peak due to PPII at 1642 cm− 1 and the other peaks 
are specific to the glutamic acid and arginine side chain vibrational 
modes. The spectra for the supernatants show weaker and broader 
peaks. The SAXS data shown in Fig. 2e and f shows form factor features 
for the supernatant that can be ascribed to unaggregated monomers, 
however for the precipitate (or resuspended precipitate) there are 
additional polyelectrolyte structure factor peaks on top of a power-law 
like form factor profile with terminal I(q) ~ q− 2 behaviour. This data 
was fitted to a power-law form factor and the fit parameters are listed in 
SI Table S4. The power-law form is consistent with fractal-like structures 
which were observed in cryo-TEM images for both n = 100 and n = 500 
equimolar mixtures shown in Fig. 3. For the resuspended precipitates, 
globular aggregates of 100–200 nm diameter can be seen which have an 
internal multi-compartment fractal-like structure. The data in Figs. 2 
and 3 thus suggest that the precipitates in solution have predominantly a 
globular fractal-like structure based on PPII polypeptide conformation. 

Fig. 3. Complexation at charge 0. Cryo-TEM images for (a) 1.3 wt% PLGA100:1.1 wt% PARG100 and (b) 1.3 wt% PLGA500:1.1 wt% PARG500.  
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There is little evidence for β-sheet structure. 
However, a careful examination of dried precipitates and in situ 

extended q-range SAXS on suspended precipitates did reveal evidence 
for a component of β-sheet structure, which seems to be enhanced upon 
drying the precipitates. SI Fig. S9 contains data from XRD on dried 
stalks, and SI Fig. S10 shows polarized optical microscopy images of 
partly dried precipitates. The XRD data contains peaks at 4.9 Å due to 
the β-strand spacing in a β-sheet structure, this is much more pro
nounced for the n = 100 system. The other peaks can be indexed 

according to the published powder XRD structures for β-sheet PARG 
[58] and PLGA [59]. The POM images show birefringent nematic-like 
structures (and spherulites), which must arise from the presence of 
some aligned superstructure such as β-sheet fibrils. This is further 
confirmed by staining with the amyloid-sensitive dye Congo red [57,60] 
which gives green birefringence in POM (SI Fig. S10a). As a powerful in 
situ nanostructural probe, extended q-range SAXS was performed on 
resuspended precipitates. The data is shown in SI Fig. S11 and SI Fig. S12 
for the net charge 0 and net charge − 0.5 mixtures. The data extend to 

Fig. 4. Complexation at charge − 0.5. CD data for re-suspended precipitate (turbid) and supernatant for samples (a) 0.5 wt% PLGA100:0.3 wt% PARG100 and (b) 0.5 
wt% PLGA500:0.3 wt% PARG500. FTIR and SAXS data for resuspended precipitate, precipitate and supernatant for (c,e) 0.5 wt% PLGA100:0.3 wt% PARG100 and (d,f) 
0.5 wt% PLGA500:0.3 wt% PARG500. SAXS curves have been shifted to enable visualization. 
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high q and enable the resolution of peaks due to secondary structure in 
the aqueous suspensions of precipitates. The data shows features due to 
‘cross-β’ structure [57,61], i.e. inter-strand spacings of 4.7–4.9 Å due to 
the inter-strand spacing, and 9.7–16.4 Å associated with the β-sheet 
spacing and width. The peak at 6.5–6.7 Å is assigned to the PARG 
β-structure unit cell c-axis length [58]. The peaks observed in the in situ 
SAXS profile are also consistent with those in the XRD profiles (SI 
Fig. S9). Thus, we can conclude based on evidence from powder XRD, 
POM, Congo red staining and in situ SAXS that there is a component of 
β-sheet structure in the resuspended fibrils. However, CD and FTIR 
spectroscopy (Fig. 2a–d) indicate that this is not the major conformation 
of the polypeptide chains in the complexes in solution. 

Fig. 4 shows CD, FTIR and SAXS data for a net charge − 0.5 mixture 
(samples shown in Figs. S8c and d). The spectra show features similar to 
those discussed for the net charge 0 system (data in Fig. 2), i.e. the CD 
spectra for both supernatant and suspended precipitate contain a pre
dominant contribution from PPII structure. The FTIR spectra contain 
peaks at 1642-1645 cm− 1 due to PPII secondary structure with peaks at 
1606-1608 cm− 1 due to arginine side chain modes and at 1562 cm− 1 due 
to glutamic acid carboxylate vibrations, as indexed above for the 
homopolypeptides. The SAXS data in Fig. 4e and f was fitted using the 
same fractal-like structure used for the data in Fig. 2e and f. There is a 
terminal q− 2 slope, however a distinctive feature is the lack of a poly
electrolyte structure factor peak, and the presence of a contribution to 
the form factor from wormlike chains. The fit parameters are listed in SI 
Table S5. Consistent with the lower degree of precipitation observed for 
the net charge − 0.5 samples, cryo-TEM (Fig. 5) reveals smaller and more 
diffuse aggregates than those in Fig. 3 for the net charge 0 complexes. 

Our results suggest that precipitate formation is driven by PARG 
which is more hydrophobic as compared to PLGA. This is because 
samples with higher content of PARG show more extensive precipitate 
formation. The precipitates contain peptide that is predominantly in a 

PPII conformation as shown in the Schematic in Fig. 6. 

4. Conclusions 

In summary, our studies show that low molar mass PLGA and PARG 
homopolypeptides adopt a PPII-like conformation of extended poly
electrolyte chains. This conformation is largely retained in complexes of 
the two peptides which form precipitates in the net charge 0 and net 
charge − 0.5 mixtures studied. There is a greater degree of precipitation 
at net charge zero and there is evidence for some β-sheet structure in 
dried samples of the precipitates formed. The predominant structure in 
the precipitates however is PPII with globular aggregates with internal 
‘blob’ structure visualized using cryo-TEM and giving a fractal-like form 
factor component. The polyelectrolyte structure factor is retained. Tir
rell’s group previously presented FTIR data as evidence for β-sheet 
structure in precipitates of poly(L-lysine) and poly(glutamic acid) (of 
matching or opposite chirality) [15]. Here, we complement FTIR and CD 
data with XRD, in situ SAXS and POM, since the FTIR data is inconclusive 
for our system due to the coincidence of an arginine side chain mode 
near 1608 cm− 1 with peaks at 1611-1613 cm− 1 assigned to β-sheet 
modes, which in poly(L-lysine)/poly(L-glutamic acid) complexes were 
also accompanied by a shoulder feature near 1680 cm− 1 due to anti
parallel β-sheet structure [15]. 

It is important to note that our studies on the conformation of PLGA 
and PARG are for well-defined custom synthesized low molar mass 
polymers, extending to the very low molar mass limit for the n = 100 
samples. This is in contrast to much prior work which has used com
mercial samples, in particular PLGA polymers with molar masses >1 ×
104 g mol− 1 from Sigma-Aldrich [29,52] or polymers synthesized with 
masses also above this limit [53,59]. In addition, several studies used 
Sigma-Aldrich poly(L-arginine) hydrochloride (PARG) with Mw = 40 kg 
mol− 1 or more [36,37,39] or NCA-polymerized samples with M > 104 g 

Fig. 5. Complexation at charge − 0.5. Cryo-TEM images for (a) 0.5 wt% PLGA100:0.3 wt% PARG100 and (b) 0.5 wt% PLGA500:0.3 wt% PARG500.  

Fig. 6. Schematic of precipitate formation in the mixtures of PARG and PLGA studied, showing PPII conformations of the polymer chains.  
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mol− 1 [58]. However, the PARG studied by CD by Hayakawa et al. has 
estimated n = 70 [35] and Tirrell’s group studied PLGA and P(L-lysine) 
(and other enantiomers) with n = 100 and n = 400 [7,16]. 

Polyelectrolyte complexes are the focus of intense research due to the 
known involvement of coacervates in cellular processes and origin of life 
scenarios. Solid polyelectrolyte complexes are less studied but may also 
be relevant to the understanding of intra or inter-cellular bodies such as 
those formed by amyloid proteins and peptides (Lewy and other inclu
sion bodies) [62]. 

As well as being a model cationic polyelectrolyte, polyarginine is of 
future interest since oligo- and poly-arginines have cell-penetrating 
properties and can be used to deliver DNA into cells and have addi
tional activity as antimicrobial materials, for wound healing and in the 
fabrication of layer-by-layer microcapsules for drug delivery [8,39,45, 
63,64]. 
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