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Characterization of PSI and PASP

FTIR spectra of aspartic acid monomer, PSI and PASP are shown in Fig. S1. The characteristic 
peaks of PSI are seen at 1394, 1708 and 3382 cm-1, while those of PASP are at 1395, 1557, and 
3270 cm-1. The characteristic peaks of PSI have been reported to be at 1795 (weak as a 
shoulder), 1713 (sharp), 1391, and 1361 (together relatively sharp), and 3362 (broad) (1). The 
absorption bands at 1713 cm-1 and 1795 cm-1 were attributed to the coupled effect of two 
neighboring carbonyl groups, showing the structure of imide rings which is further proved by 
their disappearance after ring opening via hydrolysis (2). The band at 3382 cm-1 is attributed to 
stretching vibration of NH band in PSI. For PASP however, the characteristic peaks are usually 
observed at wavelength values around 3280 (broad), 1560 (sharp and relatively broad), 1390 
(sharp), 1620 (shoulder) (3, 4). In accordance with the spectra obtained by Zhang et al. and 
Gao et al. (3, 4), PASP synthesized in this study showed the same characteristic peaks. It should 
be noted that possibly due to different degree of neutralization, presence of counter-ion, and 
different position of carboxylic acid group (i.e., α, or β) in PASP, the characteristic peaks of 
PASP in the literature are to some extent different. However, the overall pattern is similar (2-
6).

Fig. S1. FTIR spectra of aspartic acid monomer, PSI and PASP.

Regarding the H-NMR of PSI in d6-DMSO, the characteristic peaks are at 2.7, 3.21, and 5.28 
ppm (Fig. S2). The first two peaks with approximately similar intensities and area under curve 
values are related to methylene proton, while the last one is attributed to methine proton. Water 
molecules as impurity show peak at 3.33 ppm overlapping with the 3.21 ppm peak of methylene 
proton. The band at around 2.5 is attributed to DMSO (7). The synthesized polymer showed 
relatively high molecular weight. The fitted molecular weight based on polyethylene glycol 
standard curve was Mw=84.8 kDa, Mn=66.7 kDa, and Ð =1.27. 

Thermal stability of the papered polymers was also evaluated (Fig. S3). The TGA and DTG 
(the first derivative of the TGA curve) traces of the polymers are consistent with those reported 
in the literature (8, 9). PSI was found to have a 2-stage degradation and to be more stable than 
Na-PASP specifically at temperatures lower than 300 °C. The final weight at 600 °C for PSI 
and Na-PASP are respectively 0 and 24%. The relatively high weight at this temperature for 
Na-PASP is due to sodium ions that are not evaporated as degradation product/gas. Considering 
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the molar mass of sodium ions (22.99 g/mol) vs. aspartic acid repeating unit (115 g/mol), the 
weight ratio of sodium to sodium salt of aspartic acid is 0.166 which is close to the final weight 
of Na-PASP at 600 oC in TGA curve (i.e., 24%), implying the absence of impurity in the 
sample.

Fig. S2. H-NMR spectrum of PSI in d6-DMSO synthesized by poly-condensation reaction of aspartic acid at 180 
oC for 5 hours.
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Fig. S3. Thermal properties of the resulting polymers (A) TGA, (B) first derivative of TGA.
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Fig. S4. Use of various approaches to delay and prolong the dissolution of PSI NPs. (a) EDA reaction at particle 
surface with succinimide units led to particle size decrement, while at high concentration, complete solubilization 
of the particles was seen. (b) Incubation solution of PSI-EDA mixture accelerates the reaction and leads to 
premature gelation of the solution. (c) Due to low polymer concentration used in the inverse method (<0.625 wt.% 
resulted in low size with uniform distribution), the particle formation was inefficient when EDA was added. (d) 
Modification of the polymer with oleylamine as well as incubation of the particles at 60 °C led to delayed 
dissolution

Regarding the delayed dissolution of the PSI NPs, various approaches were tested as 
summarized in Fig. S4. The delayed dissolution by EDA crosslinking was only feasible in the 
direct method. This was achieved when EDA was added right before particle formation, 
followed by incubation of the particles at 60 °C for 4 h. The optimum concentration of the 
particles for incubation was 5 mg/mL, as higher concentration led to aggregation and particle 
size increment.

It should be noted that the addition of EDA after particle formation (in both direct and inverse 
methods) led to size decrement at low concentration (<2.5 mol% of EDA) and complete 
solubilization of the particles at high concentration (>7.5 mol% of EDA). The application of 
more hydrophobic cross-linkers such as hexamethylenediamine, or 1,12-diaminododecane 
were not effective either. The incubation (60 °C) of PSI-EDA solution (in DMSO) accelerated 
the crosslinking reaction and led to the premature gelation, thereby making the nano-
precipitation impossible. The gelation time was dependent upon the EDA concentration 
varying from approximately 5 to 30 min for 10, and 2.5 mol.%, respectively. Furthermore, for 
the modification of PSI with oleylamine, regardless of the method used (direct or inverse), the 
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particles were stable and almost similar dissolution profile was observed for the direct and 
inverse method.
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Fig. S5. Optical microscopic images of MOVAS, SVEC, and J774 (brightfield and fluorescence, respectively on 
the left and right) treated with growth medium (live control), 30% of methanol (dead control), and 1 mg/mL of 
the NPs. The scale bars in all images are 200 µm.

Fig. S6. Viability of MOVAS after 12 days of treatment with the calcification inducers (with and without 
PSI NPs). The medium was refreshed every 3 days. The scale bar is 50 µm. Data are presented as mean ± SD of 
at least 6 replicates for Prestoblue assay. The treatment group was normalized to the live control (i.e., no 
calcification inducer).
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Table S1. Size and zeta potential of the PSI NPs prepared by inverse and direct precipitation 
method.

Direct Method Inverse method
PSI 
concentrat
ion (wt.%)

Size (nm) PDI Zeta 
potential 
(mV) **

PSI 
concentratio
n (wt.%)

Size 
(nm)

PDI Zeta 
potential 
(mV)**

2.5 97 0.19 -27.5 0.375 106 0.06 -25.3

5 118 0.19 -27.9 0.625 131 0.06 -26.3

7.5 151 0.15 -26.7 1.25 176 0.02 -25.8

10 175 0.10 -28.1 2.5% 267 0.19 -24.9

12.5 196 0.28 -25.5 5% 636 0.16 -25.4

15* n.d n.d. n.d 10%* 397 0.27 -25.6

* Severe coagulation occurred.
**Zeta Potential values were measured at pH: 7.4.

Table S2. Z-average and zeta potential values of the PSI-NPs prepared by inverse nano-
precipitation method in absolute ethanol at different PSI concentration 

PSI Conc. (wt.%) Size (nm) PDI

0.375 195 0.08

0.625 255 0.06

1.25 Severe coagulation Severe coagulation

Table S3. Z-average and zeta potential values of the PSI-NPs prepared by inverse nano-
precipitation method. Different contents of ethanol were added to water to tune size and to 
assess stability. PSI concentration is constant at 1.25 wt.%.

EtOH (vol.%) Size (nm) PDI

0 176 0.02

60 203 0.67

80 263 0.13

100 Severe coagulation Severe coagulation
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