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A B S T R A C T   

Poly(aspartic acid) (PASP) is a biodegradable, biocompatible water-soluble synthetic anionic polypeptide. PASP 
has shown a strong affinity and thus robust complexation with heavy and alkaline earth metal ions, from which 
several applications are currently benefiting, and several more could also originate. This paper discusses different 
areas where the ion chelation ability of PASP has thus far been exploited. Due to its calcium chelation ability, 
PASP prevents precipitation of calcium salts and hence is widely used as an effective scale inhibitor in industry. 
Due to potassium chelation, PASP prevents precipitation of potassium tartrate and is employed as an efficient and 
edible stabilizer for wine preservation. Due to iron chelation, PASP inhibits corrosion of steel surfaces in harsh 
environments. Due to chelation, PASP can also enhance stability of various colloidal systems that contain metal 
ions. The chelation ability of PASP alleviated the toxicity of heavy metals in Zebrafish, inhibited the formation of 
kidney stones and dissolved calcium phosphate which is the main mineral of the calcified vasculature. These 
findings and beyond, along with the biocompatibility and biodegradability of the polymer could direct future 
investigations towards chelation therapy by PASP and other novel and undiscovered areas where metal ions play 
a key role.   

1. Introduction 

Poly(aspartic acid) (PASP) is a biodegradable, biocompatible water- 
soluble anionic polypeptide [1–7]. A great deal of attention has recently 
been paid to this synthetic polyacid as well as its amide derivatives (i.e., 
polyaspartiamide) specifically for biomedical applications due to their 
facile synthesis, modification, and the above-mentioned features [1,2]. 
PASP can also be crosslinked with a variety of crosslinking agents to 
form hydrogels, further extending its uses in various areas [8]. This 
includes but not limited to tissue engineering, drug delivery, and med-
ical utilization, where the design and development of (super)absorbents 
remain to be of great interest [9]. 

A strong affinity with heavy (e.g., Cd, Fe, Co, Cu, Ni) and alkaline 
earth metal cations (e.g., Ca, Sr, Ba) is regarded as one of the most 
important features of PASP. Such affinity results in the formation of 
strong complexes with these ions which is referred to as chelation. Ion 
chelation of PASP originates from the unique positions of the two 

adjacent carboxylic acid groups as well as its lone pair electrons from 
nitrogen in the backbone (CONH) [10]. Such a configuration enables 
effective ion entrapment for the formation of water-soluble PASP-metal 
ion complexes. The specific chemical structure of PASP also differenti-
ates it from other anionic natural polymers such as alginate, carbox-
ymethyl cellulose, xanthan, hyaluronic acid, carrageenan, as well as 
synthetic ones such as poly (acrylic acid) [11,12]. 

Such robust complexation with metal ions could be exploited in a 
variety of areas. For instance, it can prevent undesirable mineral pre-
cipitation/deposition which occurs as a result of supersaturation of ions, 
causing severe not only in various industrial equipment and machinery 
but in the human body [13,14]. PASP has also been employed for sta-
bilization of particles [15], wine preservation [16] and water purifica-
tion [17] (Fig. 1). Metal ion chelation of PASP can also be exploited for 
the development of fertilizers containing nitrogen, phosphorous, cal-
cium, potassium, etc., to enhance crop growth and soil quality [18]. 
Furthermore, PASP and its derivatives, thanks to their hydrophilicity, 
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can also be used as moisturizers in cosmetics and various skin care 
products [19]. 

Various aspects of PASP in terms of synthesis, modification, 
biocompatibility, biodegradation, and biomedical applications have 
recently been reviewed thoroughly [20–24]. Preparation and applica-
tions of PASP hydrogels were also discussed by us recently [8,20]. 
However, little attention has been paid to the use of PASP and its de-
rivatives as a chelating agent. Thus, this paper comprehensively dis-
cusses the chelation ability of PASP as a potent, biocompatible, and 
biodegradable metal-binding polymer. The complexation abilities of 
PASP have been used in a wide range of areas as mentioned above. It is 
envisioned that in the future, further innovative applications are 
designed, examined, and launched by this polymer. The search strategy 
for this review employs Google Scholar with no date limitation and the 
following keywords poly(aspartic acid), chelation, complexation, and 
metal ion. For each section of the review, its title was added to the 
keywords to narrow results, thereby retrieving articles and patents that 
are most relevant to the topic. 

2. Synthesis of PASP 

As mentioned, synthesis and modification of PASP have been dis-
cussed and reviewed thoroughly previously [8,20–22]. Briefly, PASP is 
conventionally synthesized by thermal polycondensation reaction of 
aspartic acid, which yields polysuccinimide (PSI) [referred to as poly 
(anhydroaspartic acid)] as intermediate/precursor (Fig. 2) [20]. The 
alkali hydrolysis of the latter yields PASP. However, at large scales, 
PASP is prepared from PSI synthesized by polymerization of maleic 
anhydride and ammonia because they are inexpensive and easily 
available raw materials, compared to aspartic acid [25]. The commer-
cially synthesized PASP usually has a low molecular weight (3 to 10 
kDa). The product of alkali hydrolysis of PSI is PASP with both α- and β 
amide linkage as succinimide ring can be opened through either of the 
carbonyl groups. It was shown that regardless of the reaction conditions 

used for PSI synthesis, the ratio of α to β amide linkage is 1 to 3 [26]. In 
another study, Low et al. obtained the α to β of 0.3 to 0.7 by 13C NMR 
[27]. 

3. Effect of PASP characteristics on chelation 

The ion chelation ability of PASP could be affected by a variety of 
factors such as type of chirality, type of amide linkage in the polymer 
backbone, polymer molecular weight, pH of the medium where ions are 
present, and the presence of other ions. These factors are briefly dis-
cussed below. As summarized in Table 1, calcium chelation to PASP is 
not strongly influenced by the chirality (L or D type), while the α amide 
linkage showed higher chelation compared to the β, and the combina-
tion of α and β [3]. It has been postulated that the longer distance of 
COOH groups from the polymer backbone in α-PASP compared to that in 
β-PASP results in a more effective chelation of calcium ions. Further-
more, molecular simulation of the interactions between calcium car-
bonate (CaCO3) and PASP with different amide linkage types showed the 
binding energy in the order of α-PASP > α + β- PASP > β-PASP [28]. 
α-PASP was also found to have the highest ability for conformational 
changes when mixed with CaCO3 [28]. Nevertheless, availability and 
relatively simple synthesis of PASP through thermal step-growth poly-
merization, which typically yields α to β of 0.3 to 0.7, makes them 
widely used both in academia and industry, compared to other types of 
PASP with specific amide linkage or chirality [29]. 

The molecular weight of PASP can also influence ion chelation. By 
increasing the chain length from monomer to dimer, trimer, and pen-
tamer, the chelation ability increased (Table 1) [3]. Compared to pen-
tamers, the polymers showed higher chelation ability. These results 
confirmed the importance of polyvalency of PASP in chelation, as 
demonstrated in other studies too [30–32]. Nevertheless, recent reports 
have shown that very high molecular weights are not in favor of che-
lation when compared to moderate molecular weight [33,34]. For 
example, PASP with Mw of 3 kDa had a faster dissolution rate of calcite 

Fig. 1. Ion chelation ability of poly(aspartic acid) exploited in different applications.  
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when compared to PASP with Mw of 10 kDa [33]. The inverse rela-
tionship of molecular weight with chelation ability was attributed to a 
higher level of freedom in conformational change for small size mac-
romolecules. Such a relationship in PASP agrees with results for other 
polyelectrolytes such as polyacrylic acid [33,34]. 

As a polyelectrolyte, conformation and chelation of PASP chains 
strongly depends on the pH of the medium. This is in contrast to non- 
ionic polymers such as polyvinyl alcohol and polyethylene glycol 
where the chain conformation is not affected by pH [35,36]. Similar to 
other anionic polymers (i.e., polyacids), PASP adopts extended and 
collapsed chain conformation as a result of deprotonation and proton-
ation of carboxylic acid groups, under alkaline and acidic conditions, 
respectively [37]. Under the alkaline conditions, protons of COOH 
groups are easily dissociated and the negative charges along the chain 
repel each other, extending the conformation. The chain conformation 
of PASP and its transition from the coil to helix and vice versa were 
studied by voltammetric method in the presence of Zn ions [38]. It was 
shown that zinc ions coordinate with the dissociated COO-groups in the 
helical part of PASP, leading to the aggregation of polypeptide strands. 

For cation chelation, the polymer should be in ionized form, not in 
protonated form so that the metal ions can chelate to the carboxylate 
anions. Thus, one can conclude that for PASP to be efficacious, the 

medium should not be acidic. Wu et al. [39] modeled PASP ionization 
and found 4 pKa values of 2.3, 3.6, 4.1, and 5.2 for the polymer. Suc-
cessive ionization of the 4 hypothetical aspartyl groups were shown with 
complete protonation and deprotonation occurring at pH values around 
1, and 7, respectively (Fig. 3a). The calcium chelation was in a good 
agreement with the ionization behavior of PASP, where all calcium ions 
in the solution were found free at pH < 2 and complexed at pH > 6.5 
(Fig. 3b). It is important to note that similar to other polyelectrolytes, 
the conformation of PASP could be affected by ionic strength. The higher 
the ionic strength, the higher the charge screening which subsequently 
results in collapsed chain conformation, and polymer precipitation 
under severe conditions [40,41]. Therefore, reduced chelation efficacy 
is likely at high ionic strength [42]. 

PASP with 50 repeat units was immobilized on pore glass, packed in 
a glass column, and used for the sequestering of metal ions. The ion 
uptake capability and selectivity were determined from the acid strip 
and breakthrough curves in the order of Fe3+ > Al3+ > Cu2+ > La3+ >

Pb2+ > Cd2+ > Ni2+ > Co2+ > Mn2+ > Ca2+ > Na+ [43]. According to 
the results obtained by Gutierrez et al. [43] (listed in Table 2), PASP’s 
selectivity is consistent with that of negatively charged oxygen donors 
such as carboxylic acids under biological conditions [44]. In other 
words, such hard donors bind to hard metal ions (e.g., Cu2+ and La3+) 
more efficiently. However, PASP showed a good affinity with soft metal 
ions such as Pb2+ and Cd2+, as well. This high affinity can be explained 
by the interaction of the lone pair of PASP (from peptide linkage: 
–CO–N–R) with the soft metal ions [45]. Malachowski et al. [46] 
immobilized PASP and PGA on the controlled pore glass and tested the 
absorption of different metal ions at pH 7. The results showed that both 
polymers have comparable binding abilities in the following order; 
Cu2+ > Pb2+ > Cd2+ ≈ Ni2+ > Co2+ > Mn2+ > Na+. As seen, the trend is 
similar to the above-mentioned studies. Mixed metal binding also 
revealed that the polymer selectivity towards Cu2+ and Pb2+ rather than 
towards Cd2+ and Ni2+ such that the former ions displaced the latter ions 
bound to the polymers. It was reported that aside from the peptide chain 
length, the rigidity of the support material could influence metal binding 
[47]. The dense packing of the column could decrease their mobility, 
leading to a loss of binding sites when immobilized on the rigid supports. 
Consequently, the ion release is slower. 

4. Applications of PASP in terms of chelation abilities 

4.1. PASP as an industrial antiscalant 

Undesirable mineral precipitation/deposition, referred to as scaling, 
can cause severe problems in various industrial equipment. The 
precipitated mineral gradually grows in size and accumulates, thereby 

Fig. 2. Synthesis of PASP. Two commonly used polymerization pathways for synthesis of poly(succinimide) (PSI) as the precursor through hydrolysis of which PASP 
is prepared. The first pathway is step-growth polymerization of aspartic acid as the monomer and phosphoric acid as a catalyst. The second one is based on reaction of 
maleic anhydride with a nitrogen source (e.g., ammonia), followed by the polymerization of the product which is maleamic acid at high temperatures [20]. 

Table 1 
Effect of the polymer structure on the calcium chelation ability of aspartic acid 
monomer, oligomers and polymers [3].  

Chelator Mw (Mw/ 
Mn) 

Ca2+ion chelation (gram of calcium ion/100 
g of the chelator) 

L-aspartic acid –  0.85 
L-aspartic acid 

dimer 
–  3.60 

L-aspartic acid 
trimer 

–  3.57 

L-aspartic acid 
tetramer 

–  5.05 

L-aspartic acid 
pentamer 

–  4.95 

Poly(α-L-aspartic 
acid) 

31 kDa(1.5)  6.50 

Poly(α-D-aspartic 
acid) 

31kDa (1.5)  6.50 

Poly(α,β-D,L- 
aspartic acid) 

34 kDa 
(1.4)  

6.00 

Poly(α,β-D,L- 
aspartic acid) 

80 kDa 
(2.2)  

5.40 

Poly(β-L-aspartic 
acid) 

64.3 kDa 
(1.9)  

5.70  
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obstructing the water flow and lowering the equipment efficiency 
(Fig. 4). The so-called target ion responsible for industrial scaling is 
predominantly calcium, while the counterion usually is sulfate, car-
bonate, and phosphate. Industrial antiscalants with extremely low levels 
(e.g., <20 ppm) are widely utilized to chelate the responsible ions 
thereby preventing their precipitation/deposition (Fig. 4d). 

The need for green, sustainable, non-toxic, and biodegradable anti-
scalants such as PASP has been recently highlighted, given the impor-
tance of environmental protection [39,48–50]. PASP is regarded as a 
suitable substitute for non-degradable chelating agents such as ethyl-
enediaminetetraacetic acid (EDTA), polyacrylic acid, and phosphorus- 
based inhibitors [51–53]. Below, the effect of PASP on calcium car-
bonate, calcium phosphate, and calcium sulfate as two important min-
erals is reviewed. 

4.2. Effect of PASP on crystallization inhibition of calcium carbonate 

Calcium carbonate (CaCO3) is one of the main components of scaling 
in various industries. Its equilibrium reaction is as Ca2+ þ 2HCO3

− ↔ 
CaCO3 þ H2O þ CO2 [54]. CaCO3 occurs in three crystallite forms 
including aragonite, vaterite, and calcite, with the latter being the most 
stable and the most water-insoluble form. Although vaterite and 
aragonite are thermodynamically unstable, they can transform into 
calcite under appropriate conditions [55]. 

The addition of very small quantities of PASP and poly(glutamic 
acid) (PGA) (0.2–0.3 ppm), into the precipitation system (containing 1 
to 2.5 mM of Ca2+ and CO32− ) completely inhibited the crystal growth 
of calcite. PASP exhibited higher inhibition efficiency as compared to 
PGA which was attributed to better conformational matching between 
PASP and calcium atoms at the calcite surface [49]. In another study, 
comparison of PASP with poly(maleic acid) in terms of inhibition of 
CaCO3 scale formation further verified PASP’s superiority [56]. The 
addition of magnesium ions along with PASP to the precipitation system 
showed a synergistic impact on inhibition of CaCO3 crystallization [50]. 
The presence of such ions is regarded as an impurity, which disturbs 
CaCO3 crystallization. 

Eichinger et al. [57] also showed that a low level of PASP not only 
decreased the amount of scale by around 7 tons/year in two tunnel 
drainage systems in Austria, but also reduced the structural integrity and 
compactness of the CaCO3 scale, making deposits much looser and 
softer, thus helping to facilitate the removal of scale from the tunnel 
walls (Fig. 5a, b). Aside from porosity in the formed scale, a change in 
crystal structure of CaCO3 from calcite to aragonite and vaterite was also 
observed by the addition of PASP. Similar results were obtained by Zou 
et al. [58] who found that at low concentrations of PASP, inhibition of 
crystallization of vaterite is more effective than that of calcite, while at 
high concentrations, vaterite formation is favored over calcite (Fig. 5c). 
These results are further supported by other studies [59,60]. In another 
study, electro-crystallization of CaCO3 was monitored by optical mi-
croscope images which showed a dense calcareous film (similar to those 
without inhibitor) when the concentration of PASP was 1 ppm. How-
ever, at 4 and 10 ppm, the formation of vaterite, and the complete in-
hibition of crystallization were observed.(Fig. 5d) [59]. 

Interestingly, some studies have shown that PASP could even 
contribute to the dissolution of calcite [33,39]. At acidic pH valuess and 
in the absence of PASP, dissolution was dominated by the reaction of 
protons with calcite [33]. However, at alkaline conditions (e.g., pH =
10), dissolution occurred via Ca2+-PASP complexation. Therefore, 
dissolution in neutral conditions was proposed to be a combination of 
these two mechanisms. Furthermore, increasing the pH decreased the 
dissolution rate, suggesting that chelation alone is a slow process when 
compared to the reaction of calcite with protons. 

4.3. Effect of PASP on crystallization of calcium phosphate 

Calcium phosphate (CaP) mineralization which gives rise to hy-
droxyapatite (HAp) [i.e., Ca10(PO4)6(OH)2] is particularly of utmost 

Fig. 3. Effect of pH on PASP ionization and chelation. (a) Different species of PASP (in percentage) as a function of pH. L is assumed as a hypothetical molecule 
consisting of four aspartyl monomers. (b) PASP-Ca complexation species (in percentage) as function of pH. In (a) the highlighted rectangle shows the pH range where 
different species of aspartyl ligands are formed, while in (b) the highlighted rectangle shows the area where calcium chelation is affected [39]. 

Table 2 
The level of affinity of different ions with PASP is different. The pH and flow rate 
were 7, and 1 mL/min, respectively [37].  

Metal 
ion 

Capabilities (μmol/g) 
determined from 
breakthrough curves 

Capabilities (μmol/g)a 

determined from acid 
strip 

Recovery 
(%) 

Fe3+ 36 ± 1 20 ± 4 54 
Al3+ 26 ± 1 12 ± 10 46 
Cu2+ 12 ± 1 12 ± 1 100 
La3+ 7.1 ± 0.3 6.3 ± 0.4 89 
Pb2+ 4.6 ± 0.1 4.5 ± 0.1 98 
Cd2+ 3.7 ± 0.5 3.1 ± 0.1 84 
Ni2+ 3.1 ± 0.2 2.9 ± 0.1 94 
Co2+ 1.6 ± 0.1 1.6 ± 0.1 100 
Mn2+ 1.5 ± 0.2 1.4 ± 0.1 93 
Ca2+ 1 ± 0.1 1.2 ± 0.1 120a 

Na+ <0.1 <0.1 –  

a The authors reported >100 % recovery that is not acceptable, but it was not 
explained by the authors. 
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importance in as it is the main component of bone and dentin. Aspartic 
acid, among various amino acids, were found to have the highest affinity 
constant with HAp [61]. Nevertheless, a number of studies have shown 
that PASP as compared to aspartic acid monomer is much more effective 
in calcium chelation, suggesting the importance of polymeric nature of 
this amino acid in chelation, as also mentioned above [30–32]. 

Crystal inhibition, stabilization, and even dissolution of HAp have so 
far been reported using PASP [61–67]. Such a varied behavior can in 
part be explained by the contribution of several variables such as PASP 
to calcium ratio, phosphate concentration, and pH in the CaP mineral-
ization and its corresponding equilibrium. For instance, Krogstad et al. 
[62] drew a boundary in terms of the concentration of PASP and Ca, 
above which the mixture of CaP precursor remained clear with time, 
suggesting complete inhibition of crystallization (Fig. 6-a). However, 
below the line where calcium level is high and PASP concentration is 
low, CaP aggregates formed. 

At high concentrations of calcium (50–100 mM of Ca2+), the pres-
ence of PASP, although ineffective in the complete inhibition of pre-
cipitation, led to a slower HAp crystallization and contributed to the 
oriented attachment of CaP particles, resulting in the formation of 
nanorods. Aggregates of CaP in the form of spherical particles were 
formed in the early stages of the reaction while nanorod-like crystals 
were formed at the end of crystallization (19–30 mg/mL of PASP). The 
aggregate to nanorod conversion was monitored by the change in optical 
density as the aggregates have higher turbidity as compared to nano-
rods, allowing one to follow the transition by a time-dependent decrease 
of optical density. The results demonstrated that the OD reduced as 
PASP concentration increased or calcium level decreases (Fig. 6b and c). 
The TEM images also demonstrated the morphology aggregate-to- 
nanorod transition. (Fig. 6 d, e, and f). 

Regarding the dissolution of HAp, Poumier et al. [64] indicated that 
PASP and PGA can dissolve HAp if they are present in excess. The 
presence of free polypeptide in solution was necessary to overcome 
interfacial effects of adsorbed polymer on the HAp surface. Littlejohn 

et al. [65] also found Na-PASP efficient for removal of CaP in the form of 
HAp, and brushite (i.e., dicalcium phosphate dihydrate) from stainless 
steel surface especially under alkaline conditions. Surface cleaning ac-
tivity of Na-PASP was comparable to sodium citrate but slower than 
EDTA. Such an activity can be viewed as equivalent to dissolution of the 
mineral. The optimum efficiency of PASP for the removal of brushite 
deposits was under pH 5 [66]. Overall, despite its importance in biology, 
the dissolution activity of PASP for CaP and the corresponding minerals 
is not studied well, and thus further investigation is required to provide 
conclusive results in this regard. 

4.4. Effect of PASP on inhibition of calcium sulphate crystallization 

The build-up of calcium sulphate compounds represents a challenge 
especially in offshore oilfield machinery such as water injection systems 
used to mobilize oil. The precipitation of sulphate salts is attributed to 
the large amount of SO4

2− in seawater (8 % [68]) reacting, Ca2+, Ba2+, 
and Sr2+ that occur naturally at high concentrations within the rock 
pores. As depicted in Fig. 7a, seawater contains approximately 3.5 % of 
different salts of which 8 % is sulfate. Industrial calcium sulphate scaling 
occurs by forming CaSO4 (anhydrite), CaSO4.H2O (hemihydrate), and 
CaSO4.2H2O (gypsum). Rabizadeh et al. [34] evaluated the effect of 
different anionic polymers including PASP on the crystallization of 
calcium sulphate [gypsum type: dihydrate (CaSO4.2H2O)] by assessing 
turbidity. It was shown that as low as 20 ppm of PASP (Mw 5–10 kDa) 
completely inhibited gypsum formation for high concentrations of cal-
cium (100 mM) and sulphate (100 mM), whereas poly(epoxysuccinic 
acid) (PESA), and high-Mw PAA (~100 kDa) were found to be ineffective 
(Fig. 7b). In contrast to the high-Mw PAA, low-Mw PAA (~2 kDa) 
decreased the rate and the extent of crystallization, yet with lower ef-
ficacy compared to PASP, highlighting the importance of short chain 
length in chelation. 

Various other studies have also shown the effectiveness of PASP on 
the inhibition of calcium sulphate scaling [60,69–72]. Silica 

Fig. 4. Examples of scales and deposits: Deposit produced (a) in a pipe and (b) on the internal surface of economizer. (c) Struvite on the surface of pipe in a 
wastewater treatment plant [174]. The components of scale are shown to include but not limited to CaCO3, CaSO4, and CaP. (d) Precipitation, deposition and 
accumulation of such salts are inhibited in the presence of PASP which binds to calcium, deactivating it for interaction with the counterions (e.g., sulfate, carbonate, 
and phosphate), thereby leaving the counterions in the free form (i.e., soluble in water). Calcium chelation by PASP occurs through two adjacent ionized acidic 
groups of PASP, which bind to one calcium cation. 
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nanoparticles (NPs), due to small size and consequently large surface 
area, were used as a template for conjugation of PASP [73]. The pre-
cursor of PASP, i.e., PSI, reacted with amine groups of the NPs (Fig. 7c). 
The remnant succinimide units were converted to aspartic acid by alkali 
hydrolysis, and subsequently, the PASP-modified NPs were used as 
antiscalants for the prevention of calcium phosphate salt formation. 
Such an approach could be highly efficacious in the prevention of scale 
formation, and also in the elimination of (hazardous) ions from water 
because the NPs could easily settle/sediment due to reduced colloidal 

stability as a result of charge screening induced by chelation as well as 
high ionic strength. 

The PASP-modified silica NPs had higher efficiency when compared 
with PASP, which was attributed to a higher COOH content in the former 
(Fig. 7d). However, the authors did not mention where the higher levels 
of COOH groups originates from. Of note is that temperature has a 
considerable impact on the solubility limit of most salts of calcium such 
as CaCO3, and CaSO4 where an increase in temperature is associated 
with a reduced solubility limit, thereby intensifying precipitation and 

Fig. 5. The effect of PASP on crystallization, dissolution, and morphology of CaCO3. (a) Macroscopic photographs of CaCO3 scale in the presence and absence of 
PASP shows that the polymer makes the scale loose and weak in terms of mechanical properties. The samples were taken from different tunnel drainage systems in 
Austria viz. tunnel Spital (SW1–2) and tunnel Steinhaus (SW3–5) [57]. (b) Schematic illustration of different regions of CaCO3 crystallization as a function of PASP 
concentration. The introduction of the polymer led to prevention of calcite formation (columnar and rhombohedral shape) while at high calcium level, aragonite and 
vaterite were formed. [57]. (c) The weight fraction of calcite and vaterite formed by electrodeposition of CaCO3 as a function of ASP/Ca molar ratio, showing that at 
low and high concentrations of PASP, calcite and vaterite formation are dominant, respectively [58] (d) Optical microscopic images of CaCO3 deposition through 
electro-crystallization with 1, 4 and 10 ppm of PASP after 24 h, showing a dense calcareous film, vaterite crystals, and complete inhibition of crystallization, 
respectively [59]. 
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crystallization [13]. Therefore, particularly in industrial equipment 
where hot water is in circulation (e.g., heat exchangers), scale formation 
of such minerals is more conspicuous and thus creates enormous chal-
lenges. As seen in Fig. 7e, increasing the temperature from 70 ◦C to 90 ◦C 
reduced the inhibition efficiency from 100 % to around 20 % for PASP 
and to approximately 40 % for PASP-modified silica. This shows that the 
decreased solubility of calcium sulfate salt at elevated temperatures was 
severe enough to significantly reduce the inhibitory role of the polymer 
[73]. The role of calcium and polymer concentrations were also inves-
tigated [74]. Obviously, the lower the amount of polymer, the higher the 
level of calcium salt formation. Similarly, the higher the level of calcium, 
the higher calcium salt formation (Fig. 7f, g). 

While components of scale mostly include the minerals discussed 
above, it is not limited to them. Depending on the industry and the 
process, various other minerals such as barium sulphate (BaSO4) [52] 
and strontium sulphate (SrSO4) [53] could be involved in the formation 
of scale where PASP was found to be highly efficacious in these cases too 
[52,53]. In conclusion, PASP as an antiscalant lowers the activity of ions 
through complexation and/or by adsorption onto the surface of pre- 
formed salts, preventing further growth of the scale [33,34]. If the ion 
concentration is far above supersaturation, PASP may still function by 
reducing crystallization rate, changing the crystal morphology, and 
functioning as a stabilizer to prevent increases in the size of precipitated 
particles. Overall, the concentration of PASP commonly employed in 
studies (<20 ppm) is much lower than the stoichiometric equivalent of 
ions in the system, suggesting that scale inhibition is not just seques-
tration of salt-forming ions and that the antiscalant can block active and 
growth sites of insoluble salts [13]. 

4.5. Stabilization of inorganic (nano)particles by PASP 

Due to both chelation ability and negative charge, PASP could 
potentially function as a stabilizer for a variety of inorganic (nano) 
particles (NPs) where a metal, transition metal, or an alkaline earth 
metal is a major constituent. Chelation ensures robust attachment of 
PASP onto NP surface, while the negative charges provide electrostatic 
stabilization, repelling the adjacent NP by the negative charge, thereby 
preventing aggregation (Fig. 8a). Polymeric nature of PASP, which 
provides steric hinderance, could be considered as another reason for 
the good colloidal stability [75]. 

The use of PASP significantly enhanced dispersibility of barium 
titanate, which is a widely used dielectric agent in multilayer ceramic 
capacitors [76]. The introduction of PASP at pH 5 was accompanied 
with a charge reversal in the particles. The increase in zeta potential 
values to more negative values suggested successful attachment of PASP 
on the particle surface (Fig. 8b). The higher sedimentation density (i.e., 
lower sedimentation volume) in the presence of PASP confirmed the 
enhancement of the colloidal stability (Fig. 8c) [76]. 

Pure PASP was also shown to improve dispersibility of manganese 
oxide NPs in water [77]. The NPs were prepared in hexane where they 
had a good level of colloidal stability, whereas no dispersion could be 
achieved in water. The addition of PASP completely transferred the NPs 
from the oil phase to water phase (Fig. 8d, e). Comparison of PEG with 
PASP showed that the latter provides much better stability after 4 
months of storage (Fig. 8f). Pure PASP has also been used as a reducer 
and as a stabilizer for in-situ synthesis of gold NPs (size of around 55 nm) 
[78]. 

Jana et al. [15] grafted cysteine to PASP and demonstrated that the 

Fig. 6. The effect of PASP on crystallization, dissolution, and morphology of CaP. (a) Precipitation/crystal inhibition regimes as a function of PASP and Ca con-
centration. Above the line, the solution is clear, suggesting a complete inhibition of mineralization while below the line the solution is cloudy, reflecting the CaP 
precipitation [62]. (b, and c). Plots of optical density (OD) at 650 nm: (b) OD recorded every 60s for 24 h. Calcium concentration was 50 mM Ca2+ while the polymer 
concentration was varied. (c) The OD value at the start and the end of experiment respectively shown by open and closed symbols; different calcium concentrations 
(50, 75, and 100 mM) and polymer concentration (19, 24, and 30 mg/mL). (d, e, and f) The TEM micrographs of CaP aggregates at 19 mg/mL of polymer and 0.05 M 
of Ca2+ at (d) 15 min, (e) 4 h, and (f) 24 h, indicating the formation of large aggregates in the beginning followed by their dissociation and conversion to nanorods. 
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thiolated polymer is highly effective in improving the colloidal stability 
of a variety of hydrophobic nanocrystals such as silver NPs, gold NPs, 
and CdSe@ZnS quantum dots (Fig. 8g). Apart from the chelation ability 
of PASP, the presence of thiol groups ensured robust attachment of the 
polymer onto the surface of the nanocrystals, while the carboxylic acids 
improved the colloidal stability, and provided the NPs with the ability of 
further functionalization with antibodies and other reagents. The 
nanocrystals covered with the polymer exhibited higher biocompati-
bility [15]. Interestingly, PSI which is the anhydrous form of PASP was 
successfully applied for in-situ synthesis of silver NPs in DMF solvent. 
Stable particles were achieved which could potentially originate from 
the interaction of silver ions with functional groups (i.e., aspartic acid) 
at the end of PSI chains [79]. 

Despite these advantages, pure PASP may not be able to provide 
sufficient stability in certain cases which require one to modify the 
chemical structure. Grafting of long alkyl chains to PASP has shown to 

provide surface-active (i.e., surfactant) properties for stabilization of 
hydrophobic NPs [80]. For instance, dodecyl (i.e., C12) grafted-PASP 
significantly enhanced dispersion of manganese (IV) oxide NPs in 
water [81]. 

A number of studies have also shown that both pure PASP and 
modified PASP could improve the dispersion ability of ferric oxide in 
water which is of utmost importance not only in corrosion inhibition but 
also in magnetic resonance imaging (discussed below in biomedical 
applications of PASP) [74,82,83]. Overall, as a conclusion, one can 
correlate the chelation ability of PASP to the improved stability of 
inorganic colloidal systems. Accordingly, and in light of the studies 
reviewed above, PASP could find more use as a stabilizer of slurries and 
particles in the future. 

Fig. 7. The effect of PASP on calcium sulfate. (a) Amount of salt in seawater (approximately 3.5 %), of which around 8 % is sulfate. (b) Inhibition of gypsum 
crystallization by the addition of different types of antiscalants including PASP (20 ppm, pH = 7) [34]. The turbidity level corresponds to the extent of salt formation 
and gypsum crystallization. (c) Schematic representation of surface modification of silica NPs with PSI followed by alkali hydrolysis, resulting in PASP-modified silica 
NPs [73]. (d) CaSO4 inhibition efficiency of PASP and PASP-modified silica NPs, showing the superiority of the latter [73]. (e) The effect of temperature on the 
inhibition efficiency: inhibition efficiency is reduced by increasing temperature both for free PASP and immobilized PASP on the surface, which is due to reduced 
solubility of calcium salts at elevated temperatures rather than reducing polymer activity [73]. (f, and g) Inhibition efficiency as a function of inhibitor concentration 
(f) and calcium concentration (g) for PASP and serine-grafted PASP: increasing the polymer concentration and reducing calcium level both improve inhibition ef-
ficiency [74]. 
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4.6. PASP as an additive for wine preservation 

Potassium bitartrate is formed in wine containers during fermenta-
tion of grape juice. Because of the supersaturation of potassium and 
tartaric acid, as well as low water solubility of the salt, potassium 
bitartrate is crystallized during fermentation, precipitated, and depos-
ited in wine bottles and containers. PASP can prevent such precipitation 
by inactivating potassium through chelation. Thanks to its biocompat-
ibility, PASP could be regarded as an edible additive prior to wine 
bottling without the need for further purification/separation. Recently, 
potassium salts of PASP were approved as additivea for tartaric stabili-
zation in wines (OIV/OENO 543–2016) and is being used by many Eu-
ropean wineries [16,84]. In comparison to metatartaric acid (MTA) and 
carboxymethylcellulose (CMC), as other commonly used inhibitors, 
PASP neither adversely affects the wine color, nor leads to haze for-
mation over time [16]. PASP with different Mw values (3, 5, 10, and 15 
kDa) were all found effective in the prevention of tartaric precipitation 
after 1 year of bottle aging [85]. PASP had similar effectiveness as MTA 
especially in red wines [86]. However, in the long-term, PASP showed 
much more stability than MTA. After 1 year of wine aging, PASP 
maintained its stabilizing effect regardless of Mw, whereas MTA entirely 
lost its effectivity. The release of monomeric aspartic acid from PASP 
because of polymer degradation was also studied after 5- and 12-months 
storage. 1.9 % and 6.3 % of aspartic acid with respect to the initial 
weight of PASP was released in the white and red wine, respectively. It 
was found that PASPs with the lowest monomer release provided better 
wine stability [86]. Recently, the effects of PASP (potassium salt), CMC, 
and MTA were compared on variety of wines (including Chardonnay and 
Rhein Riesling), further confirming the superiority of PASP. Interest-
ingly, PASP could stabilize the wines even at half the recommended dose 
after 175 days storage [87]. 

4.7. Corrosion inhibitor 

Corrosion is a vital challenge in variety of industrial processes 
ranging from chemical production to power generation. It can cause 
catastrophic accidents and economic loss and thus should be mitigated 
and minimized by using efficient corrosion inhibitors [88–90]. 
Compared to small molecule compounds, long-chain polymers, such as 
PASP, generally exhibit higher inhibition performance [91,92]. By the 
formation of a protective layer at anodic/cathodic sites on the metal 
surface, PASP can serve as an efficient inhibitor, retarding metal disso-
lution. In other words, PASP not only limits water access to the metal 
surface but also restricts oxygen diffusion, thereby acting as a barrier 
against metal dissolution in the electrolyte and could reduce the anodic 
reaction of corrosion [88]. 

The corrosion inhibition ability of PASP could stem from the for-
mation of stable PASP-metal ion complexes on the metal ions. PASP 
concentration has a direct relationship with the inhibition efficiency 
which could probably be attributed to the formation a denser layer on 
the metal surface. For example, with increasing PASP concentration 
from 0.1 to 4 g/L for carbon steel in 0.5 M sulfuric acid, the inhibition 
efficiency improved from 39 % to 80 % [93]. For WE43 magnesium alloy 
in a 3.5 wt% NaCl solution, maximum efficiency of 94 % was obtained 
with 400 mg/L of PASP [94]. 

The corrosion inhibition performance of PASP could be further 
improved through chemical modification of the polymer [92] or com-
bination with other anti-corrosion agents such as zinc [95]. For instance, 
cysteamine-grafted PASP, contains sulfhydryl groups, and this modified 
polymer exhibited a better corrosion inhibition performance than pure 
PASP for mild steel in a medium containing a high concentration of 
sulfuric acid (0.5 M) [91]. Likewise, dopamine-grafted PASP showed a 
good corrosion performance in acidic solutions for mild steel [96]. This 
was correlated to efficient adsorption of the modified polymer on the 

Fig. 8. PASP for improving colloidal stability. (a) Schematic representation of colloidal stability because of the PASP coating. The PASP chains on the surface of NPs 
improve colloidal stability through electrostatic repulsion. (b) Zeta potential and (c) sedimentation density of barium titanate (BT) particles vs. PASP concentration. 
Under different pH conditions. PApA-Na refers to sodium salt of PASP. The higher the sedimentation density (equal to lower sedimentation volume), the better the 
colloidal stability [76]. (d) TEM micrographs of MnO NPs with the average diameter of 35 nm. (e) PASP effectively attached on the surface of hydrophobic MnO NPs 
and transferred them from hexane as the oil phase to water phase [77]. (f) PASP-treated MnO NPs were stable after 4-months storage, while PEG-treated NPs showed 
complete sedimentation [77]. (g) Molecular structure of the cysteine-grafted PASP. The thiol (SH) groups attach strongly onto the surface of the nanocrystals while 
carboxylic acid groups provide electrostatic repulsion for colloidal stability. The photograph shows colloidally stable gold NPs, silver NPs and CdSe@ZnS quantum 
dots [15]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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metal surface through donor-acceptor interactions between unfilled d- 
orbitals of Fe and π-electrons of dopamine. Of note is that dopamine 
itself has a high affinity with iron ions and iron-dopamine complexes 
have been used for polymer crosslinking [97,98]. Modification of PASP 
with a Schiff base structure on carbon steel in a HCl solution (1 M) was 
also evaluated [92]. The grafted Schiff base structure with imine groups 
on PASP created a superior anti-corrosion effect where only 80 ppm of 
the inhibitor provided a maximum inhibition efficiency of about 90 %. 
Such a high efficiency was attributed to synergistic effect of both PASP 
and the Schiff base. The latter was found to be effective as an anti- 
corrosive agent due to imine group (–CH=N–) [99,100]. 

Due to simplicity in polymer modification through ring opening of 
succinimide groups in the precursor polymer, which will be discussed 
below, a variety of other active reagents have been employed for 
enhancement of the inhibition efficiency. For instance, β-cyclodextrin- 
grafted PASP provided a strong corrosion inhibition activity for N80 
carbon steel in a solution containing MgCl2.6H2O, NaCl, CaCl2, Na2SO4, 
and NaHCO3. With 800 mg/L of the polymer, a corrosion rate of 2.94 ×
1012 m/s, and inhibition efficiency of 68 % were obtained [89]. Glycine- 
grafted PASP at a concentration of 250 mg/L was also introduced as an 
effective inhibitor for X-65 carbon steel in seawater with an inhibition 
efficiency of about 84 % [90]. It is worth mentioning that the addition of 
other anti-corrosion agents such as 2-hydroxyphosphonoacetic acid, and 
zinc sulfate to PASP could lead to a synergistic effect [88,101]. Excellent 
anti-corrosion of carbon steel was demonstrated by the use of the 
mixture (Fig. 9 a, b) [101]. Analysis of the polarization curves showed a 
decrement in the corrosion current by the introduction of the mixture 
(Fig. 9b). The corrosion potential also shifted to more anodic values, 
suggesting that anodic type inhibition. It was postulated that the poly-
mer chelates to iron ions on the steel surface. The presence of zinc ions 
was also reported to encourage the precipitation of polymer on the 
surface, further enhancing the formation of protective film [101]. 

By self-assembly, Wang et al. [102] prepared PASP‑zinc films on 
Q235 steel surface. Pure PASP films were assembled as monolayers with 
a loose and thin structure, whereas PASP‑zinc films exhibited a rough 

morphology with a large number of NP and a thickness of approx. 100 
nm. The presence of zinc along with PASP was found to be necessary for 
achieving a high corrosion inhibition efficiency (Fig. 9c, d). The polar-
ization curves showed that the corrosion potential shifts to more nega-
tive values by the addition of PASP, suggesting that the corrosion 
inhibition stem from inhibition of cathodic reactions through adsorption 
(Fig. 9c). It was proposed that the PASP‑zinc layer that formed on the 
surface isolated the corrosive medium from metal through bonding to 
the metal surface (Fig. 9d). Another study also confirmed the synergistic 
role of zinc together with PASP by investigating the corrosion mecha-
nism [95]. It was shown that zinc improves the film thickness due to 
excellent coordination ability, thereby preventing the steel surface to be 
exposed to corrosive agents. Nevertheless, in contrast to Wang et al. 
[102], it was suggested that iron on the surface is replaced with zinc- 
PASP complex [95]. 

4.8. PASP as chelator in water remediation 

The importance of PASP in prevention of scale formation was stated 
above. Accordingly, PASP has successfully been employed in reverse 
osmosis membranes as an anti-scaling agent for water purification 
[103]. However, aside from calcium, PASP has a high affinity with other 
metal ions. Contamination of water and soil with a variety of contami-
nants including heavy metals is now a serious environmental concern all 
over the world. In this regard, the use of chelating agents as a remedi-
ation technology can form strong water-soluble complexes with toxic 
metals to reduce toxicity and activity of the ions [104]. In comparison 
with conventional chelators like EDTA, PASP is regarded as being much 
safer in terms of both biocompatibility and biodegradability and thus 
has great promises in remediation field [105,106]. Compared to small 
molecules, PASP, as a polymeric chelator, can be designed in different 
physical forms including but not limited to fibers, particles, beads, films, 
and foams for effective removal and elimination of the ions. In addition, 
to ensure prevention of PASP dissolution, its immobilization [43] or 
crosslinking [107] is also required. For crosslinking PASP-based 

Fig. 9. Corrosion inhibition of PASP (a) Photographs from the surface of carbon steel exposed to seawater without and with 0.1 g/L of PASP-SEA-ASP (SEA: 2-amino-
ethanesulfonic acid; ASP: aspartic acid) [101]. (b) Polarization curve of the steel at different time points with and without corrosion inhibitor. E, V is potential in 
volts, while Ig (I/A) is electric current density in ampere per square centimeter, where the reference electrode was a standard calomel electrode (SCE) [101]. (c) 
Polarization curves of bare Q235 steel, coated with PASP and Zn-PASP. i (A.cm− 2) is the current density while E (V vs. Ag/AgCl) is the potential in volts versus Ag/ 
AgCl as reference electrode [102]. (d) The proposed mechanism for corrosion inhibition is the chelation of iron ions on the steel surface by PASP, and the formation of 
a second polymer later through mediation of zinc [102]. 
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hydrogels have been prepared [8], which contributed to efficient ion 
removal, as the complexed ions can be eliminated from water by 
removing the gel. Hydrogels based on PASP have also shown promising 
results for water purification. For instance, glutaraldehyde cross-linked 
hydrogels of chitosan/PASP chelating resin with carboxylate anion, 
amino, and amide groups played a significant role in Hg2+ (qm = 170 
mg/g) and Pb2+ (qm = 152 mg/g) adsorption [108]. In another study, a 
commercial form of PASP was used to remove Zn2+, Cu2+, Pb2+, and 
Cd2+ from wastewater [17]. The polymer-ion complexes were then 
absorbed via electrostatic attraction on chitosan. Dopamine-conjugated 
PASP biodegradable hydrogels were shown to adsorb large quantities of 
metal ions from aqueous solutions [109]. By increasing the metal ion 
valence (Na+ < Ca2+ < Fe3+), the hydrogel swelling decreased, which 
could be due to the different ion bonding abilities of catechol and 
carboxylate groups. The former has a good affinity towards iron ions 
rather than sodium and calcium. Furthermore, reduced swelling is 
attributed to charge screening due to the introduction of counterions. 

Composite hydrogels made of PASP/carboxymethyl poplar sawdust also 
demonstrated high level of Cd2+ removal [110]. Recovery of Cd2+ and 
Cu2+ from the water was accomplished by applying a chelating PASP 
resin [111]. PASP structure had a good selectivity for Cu2+ in a binary 
system containing Cd2+ and Cu2+. This sorbent was regenerated by acid 
solution (HNO3), which indicated an efficiency of about 90 % for at least 
five regeneration cycles. 

Rapid and simple detection of metal ions both in water and soil is of 
great importance. An electrochemical sensor based on PASP grafted on 
gold electrode was developed. The aspartic acid chain length was in the 
range of 32–96 aspartic acid units. Due to the high affinity of PASP to-
wards Cu2+, extremely low detection limit of 3 nM (0.2 ppb) was ob-
tained with voltammetry method [112]. Inexpensive colorimetric 
sensors were developed for the detection of Fe3+ and Cu2+ by PASP 
nanofibers [113]. Electrospinning method was employed for the prep-
aration of the nanofibers (Fig. 10a). The sensors showed detection limits 
of 0.3 mg/L and 0.1 mg/L for Cu2+, and for Fe3+, respectively. Upon 

Fig. 10. PASP-based sensors for detection of iron and copper. (a) Development of crosslinked PASP nanofibers by electrospinning for detection of copper and iron 
ions (b) Macroscopic photographs of the nanofiber hydrogels after being exposed to water containing different iron and cupper ions. (c) The reference color map 
established according to the color changes on the sensors in shown (b), by which one could realize the iron, and copper concentration of water simply by the naked 
eye [113]. 
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increasing the former and the latter ions, the sensor’s color changed 
from white to blue, and white to yellow, respectively (Fig. 10b). Based 
on the color changes on the sensors, a reference color map was estab-
lished through which one could realize the iron, and copper concen-
tration of water simply by the naked eye (Fig. 10c). Desorption of the 
complexed ions by a strong acid could recover the sensors [113]. Despite 
being highly efficient in the detection of these copper and iron, the 
interference of other ions such as calcium, magnesium, etc. was not 
investigated. In another study, PASP was used in the perfusion liquid to 
enhance microdialysis. Different metal ions such as Cr, Ni, Cu, and Pb 
were tested in which PASP was found highly efficient with high relative 
recovery values. PASP was far better as compared to poly-l-histidine for 
all metal ions tested [114]. Further enhancement in the recovery was 
achieved when a combination of PASP, poly-l- histidine and 8-hydroxy-
quinoline was used in the perfusion liquid [115,116]. 

As a polyelectrolyte, PASP could also be applied in the electrokinetic 
remediation of pollutants in soil where a low direct current of up to 1 A 
or a low and direct electric-voltage gradient of up to 2 V/cm across the 
electrode transfer contaminants in soil towards the electrodes [42]. 
Acidification of soil could desorb toxic metals from the soil. Simulta-
neous use of both PASP and citric acid was shown to effectively reduce 
Cr6+ to Cr3+, which masks the toxic effect of free ions [42]. 

4.9. Chelation ability of PASP in biomedical areas 

Due to high biocompatibility and biodegradability, PASP meets the 
basic requirements to be used in biomedical applications as a metal- 
binding polymer. Biomedical applications of PASP were reviewed 
recently, which revealed that little focus has been paid to PASP’s che-
lation ability [20]. Chelation therapy is defined as a type of medical 
treatment for lowering and/or eliminating the toxic impacts of metals 
ions, particularly that of heavy metals. The ion-chelator complexation 
can occur in either intracellular or extracellular spaces, forming less 
toxic species with lower activity. The chelated ions are subsequently 
excreted from the body with either no or minimal adverse effects. 

PASP modified with L-cysteine was used to treat lead poisoning in 
mice via oral and intraperitoneal administrations [117]. The polymer 
efficiently removed lead accumulated in different organs, while it did 
not affect the essential metal ions such as copper, iron, zinc, and cal-
cium. Such a high selectivity towards Pb2+ is attributed to the presence 
of cysteine groups in the polymer structure. However, even without any 
modification, PASP was found to be remarkably efficacious in reducing 
the toxicity induced by Pb2+, Cu2+, and Cd2+ on zebrafish (Danio rerio) 
[105]. After 24 h exposure, the LC50 of these ions were found to be 5.15, 
2.82, and 0.09 mg/L, respectively. No death was observed in the PASP- 
treated groups, revealing the chelation ability of the polymer through 
which toxicity was alleviated [105]. PASP-based polymers has also 
reduced toxicity of iron-oxide NPs as reported in different studies, which 
could be related to its iron chelation [118]. 

Polymer gels that respond to external stimuli, are well known as 
promising new class of materials [119]. PASP as an anionic biocom-
patible polymer responds to changes in ion concentration and pH. Ionic 
strength can strongly shield the negative charges along the chain of 
PASP that originates from carboxylates, thereby collapsing the chain 
conformation. Metal ion complexation of PASP further strengthens this 
property, meaning that in the presence of calcium, for example, the gels 
could undergo a remarkable water loss, and reduced swelling when it is 
compared to deionized water. [119]. 

Aside from pH and ionic strength, PASP can be modified to respond 
to other stimuli as well. For instance, thiolated-PASP nanogels were 
shown to effectively respond to the redox state of the medium and thus 
could be employed for drug delivery/release systems [120,121]. The 
cleavage of disulfide bonds by a reducing agent led to the degradation/ 
disintegration of nanogels, resulting in the release of the encapsulated 
drug. Due to the similarity of the PASP structure with the extracellular 
matrix, and the fact that its backbone is similar to that of protein, it 

could be applied as a promising scaffold for cell proliferation [7]. The 
presence of thiol groups in such structures could even further facilitate 
cell adhesion and proliferation [122]. Therefore, thiolated PASP gels 
could particularly serve as suitable ones for osteosarcoma cell cultiva-
tion. Moreover, modification of PASP hydrogels with biological mole-
cules like dopamine could also improve adhesion, migration, and 
proliferation [123]. It is noteworthy to mention that calcium ions 
regulate the adhesion, proliferation, and overall function of a variety of 
cell types through calcium signaling and calcium channels [124]. Hence, 
the high level of cell proliferation of PASP-based scaffolds mentioned in 
the studies above could be attributed to calcium chelation of PASP, 
although this hypothesis has not been studied and proved yet. 

Through iron and copper chelation, PASP can regulate the level of 
reactive oxygen species (ROS). Although low concentrations of ROS are 
essential in maintaining proliferative signaling, growth and cell sur-
vival, chronically high concentrations are detrimental, due to DNA 
damage [125]. ROS (e.g., hydroxyl radicals) are produced from the 
Fenton reaction using transition metals such as Fe2+ or Cu+ as catalysts 
(Eqs. (1) and (2)). Therefore, deactivation of these transitional metals 
could lead to anti-inflammation and potentially an anti-ROS approach 
[126]. 

Fe2+ +H2O2→Fe3+ + ȮH+OH− (1)  

Cu+ +H2O2→Cu2+ + ȮH+OH− (2) 

Furthermore, in analogy to industrial antiscalants which was dis-
cussed above, PASP can be efficacious in chelation therapy to prevent 
undesirable salt precipitation insoft tissues. A brief discussion is made 
below in this regard on the potential use of PASP for treatment of kidney 
stones and vascular calcification. Calcium-binding ability of PASP has 
also been used for targeting of drug-loaded nano-carriers to bone which 
is also discussed below. 

4.9.1. Kidney stone and PASP 
Kidney stones impact a large fraction of the world’s population. 

Nearly 80 % of kidney stones are partially or completely made up of 
calcium oxalate monohydrate (COM). Calcium oxalate salts are gener-
ally highly water-insoluble with the formula CaC2O4 (H2O)x, where x 
varies from 0 to 3 (Fig. 11a). As the stone size increases, ureter blockage 
occurs, causing pain and variety of complications. Human urine under 
normal conditions is usually supersaturated with calcium and oxalate 
ions. However, COM formation does not occur due to the presence of 
urinary inhibitors such as uropontin (uOPN) [127–130]. The latter is the 
human urine-isolated OPN and is a potent inhibitor of COM formation 
thanks to ASP residues as mentioned above [131,132]. 

Inhibition of COM crystal growth by PASP could suggest that close 
proximity of a series of ASP units in the OPN structure might also 
contribute to the prevention of crystal growth [133–135]. Accordingly, 
several studies have shown the effectiveness of PASP for inhibition and 
even dissolution of COM [31,32,136,137]. However, ASP monomer has 
no or little effect on the crystal inhibition of COM, again verifying the 
importance of its polymeric nature as discussed above [31,32]. The 
effectiveness of PASP was 16 times higher than that of PGA [32]. Pol-
ycations (i.e., cationic polyelectrolytes) such as poly-arginine and 
polylysine had negligible effects on the inhibition of crystallization 
which could be attributed to electrostatic charge repulsion, between 
positively charged COM and polycations [136]. Other studies have also 
indicated the superiority of PASP as an edible polymer to prevent COM 
buildup [138]. Comparison of PASP (Mw of 11 kDa) with uOPN revealed 
higher efficacy of the PASP in terms of inhibition of crystal growth. 
However, uOPN was found to be stronger for the prevention of COM 
crystal aggregation (Fig. 11b) [133]. Aggregation of COM is an impor-
tant step in enlargement of the stone, and blockage of urinary tract. 
Therefore, stabilization of COM against aggregation could contribute to 
painless and easy excretion of COM from the body [131,139]. 
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In conclusion, chelation therapy could be a viable strategy to treat 
kidney stones after addressing some important issues to ensure high 
efficacy of the treatment. Due to the abundance of calcium and other 
ions, premature action of the chelator is highly likely which highlights 

the importance of targeting the chelator to the calcifying site (i.e., uri-
nary tract). Furthermore, selectivity towards calcium with minimal 
excretion of essential ions is highly preferable as well. 

Fig. 11. Affinity of PASP to calcium oxalate and kidney stone. (a) As the kidney stone size increases, ureter blockage occurs, causing pain and variety of compli-
cations. Macroscopic observations of a type of kidney stones is shown [175]. (b) Inhibition of CaOx crystal growth (Δ) and aggregation (⊞) by PASP (Mw of 11 
kDa). [133]. 

Fig. 12. Conjugation of PASP or oligomers of aspartic acid to nanoparticles improves their affinity to hydroxyapatite and bone. (a) Schematic representation of 
attachment of aspartic acid on the surface of PLGA-PEG NPs which can effectively bind to the surface of eroded bone. (b) Macroscopic photographs (1) and fluo-
rescence images (2, 3, and 4) of different parts of the rats’ bone taken 2 days after injection with (I) IR780/PLGA–PEG–OMe and (II) IR780/PLGA–PEG–Asp3 NPs . (1, 
and 2) are images of femur/tibia bone, while (3) and (4) are vertebrae bone, and cross-section of vertebrae bone, respectively. IR780 is a fluorescent dye that was 
loaded into PLGA-PEG NPs for tracking purpose [142]. (c) Schematic representation of conjugation of the antibiotic-loaded PCL particles with aspartic acid which 
improves its affinity to HAp surface and anti-bacterial activity. (d) Comparison of the amount of bound particles (μg) to HAp surface: ASP-conjugated particles 
showed significant improvement of binding compared to non-conjugated ones. (e) Microscopic images showing a significantly more intense blue color in aspartic 
acid-conjugated NPs. The blue color originates from pyrene which was loaded into the particles for tracking purpose [140]. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 

H. Adelnia et al.                                                                                                                                                                                                                                



International Journal of Biological Macromolecules 229 (2023) 974–993

987

4.9.2. Bone targeting ability of PASP 
Calcium chelation of ASP and PASP which results in a high level of 

affinity with HAp -the main component of bone and dentin- has been 
used for targeting drug-loaded nanocarriers to bone [140–143]. Treat-
ing the diseases associated with bone is relatively difficult due to poor 
blood flow and therefore the importance of targeting the therapeutic 
agent is highlighted [144]. Thus, targeted delivery of bioactive agents 
could be of great importance. The targeting efficacy of aspartic acid 
groups to bone was exhibited in vitro and in vivo because its surface 
conjugation to PLGA-PEG NPs improved the accumulatio of the NPs in 
the bones (Fig. 12a, b) [142]. In another study, PASP was conjugated to 
paclitaxel-loaded liposomes, which improved bone targeting markedly, 
thereby enhancing treatment efficiency in metastatic tumor mouse 
models [145]. Fluorescent labelling of the particles showed their accu-
mulation on the surface of eroded bone. The length of aspartic acid 
repeat units was optimized and found to provide efficient targeting in 
the range of 4–10 [146–148]. Another recent study also showed that 
conjugation of PASP on the surface of antibiotic-loaded poly(capro-
lactone) particles enhanced their attachment to HAp surfaces (Fig. 12c, 
d, e) [140]. Improved targeting of antibiotics is of great importance in 
the treatment of bone infection. Pyrene, as a fluorescent probe, was 
loaded into the particles to study the attachment onto the HAp surface 
[140]. The fluorescence intensity of HAp surface treated with PASP- 
conjugated particles was significantly higher than that with unconju-
gated particles. Fluorescence microscopic images from the HAP surfaces 
also verified improved attachment. 

4.9.3. PASP for improving magnetic resonance imaging 
As mentioned above, PASP could attach to the surface of NPs through 

chelation and stabilize them via electrostatic charge repulsion. Nano-
particles of [149,150] are widely used as MRI contrast agents 
[145,151–164], and PASP coatings has shown promising results in this 
regard [165]. PASP provides a high level of colloidal stability, leading to 
a high specific surface area which consequently enhances MRI contrast. 
PASP as compared to phospholipid-PEG was found to be more effective 
in improving the stability of manganese oxide NPs and thus their T1 
contrast [77]. The r1 relaxivity of PASP-coated NPs were 3 to 5 times 
larger than that of phospholipid-PEG-coated NPs [77]. Marasini et al. 
[166] prepared dual modal T1 and T2 MRI contract agents (r2/r1 ratio =
2.8) by coating of PASP on gadolinium oxide (Gd2O3)NPs (2 nm). The r1 
and r2 values of the coated NPs were around 5 and 10 times larger than 
the commercial gadolinium. In a recent investigation, immobilization of 
iron oxide NPs onto the PSI (precursor and anhydrous form of PASP) 
scaffold provided a long-term treatment with hyperthermic capability 
and suitable MRI contrast [167]. The hypothermic effect originated from 
the alternation of the magnetic field. PSI can be easily hydrolyzed in 
vivo to PASP and be eliminated through renal and bowel [167,168]. 

As an alternative to Gd-based MRI agents to address their nephro-
genic systemic fibrosis-related issues, manganese oxide (MnO) NPs 
could be used as positive MRI agents [169]. Coating of MnO NPs with 
PASP grafted with RGD enhanced accumulation at the tumor [169]. 
Another study also compared PASP-PEG block copolymer-coated 
magnetite with a commercial MRI contrast agent (Resovist) [170]. 
Resovit is dextran-coated magnetite and was already approved for 
clinical use as a liver-specific MRI contrast agent. PASP-PEG-coated NPs 
showed a much better colloidal stability even at high ionic strength. 
While Resovit accumulated in the liver, PASP-PEG-coated magnetite 
NPs showed considerable negative enhancement of signal intensity in 
the tumor area of T2-weighted images [170]. Another study also showed 
accumulation of iron hydroxide NPs coated with PASP-PEG copolymer 
into tumor in-vivo, further strengthening its potential as a tumor- 
selective MRI contrast agent [171]. By spectroscopy, strong interac-
tion of iron and PASP was also indicated, indicating effective coating of 
the NPs with the polymer [171]. Of note is that PASP has also signifi-
cantly lowered the toxicity of iron oxide NPs [118] which could be 
attributed to iron chelation, as stated above. 

4.10. Modification of PASP to improve its anti-scaling efficiency 

Chemical modification of PASP by a variety of small molecules has 
been shown to further improve its chelation ability as summarized in 
Table 3. The precursor of PASP i.e., -poly(succinimide) (PSI)- can easily 
react with NH2 groups under mild conditions at room temperature, 
opening a wide window for PASP functionalization (Fig. 13). As outlined 
in Table 3, the small molecules used for the reaction usually bear an 
amine group, otherwise, other conjugation approaches should be 
adopted. Following the reaction of PSI with the modifier, the polymer is 
subjected to alkali hydrolysis to convert the remnant succinimide groups 
to aspartic acid. This facile conjugation also enables the incorporation of 
fluorescent dyes into the chemical structure, which has subsequently 
facilitated the accurate determination of PASP concentration during or 
after water treatment [14,172]. In almost all studies listed in Table 3, a 
comparison between PASP and the modified PASP has been made in 
terms of scale inhibition, revealing higher efficacy of the latter. It is 
worthwhile to mention that making a comparison between the modifiers 
listed in the table is difficult as there is currently limited information in 
the literature on their calcium-binding affinity. Even with such data, the 
comparison would not be very accurate because the amine groups are 
converted to amide groups upon the ring-opening reaction with succi-
nimide units. Nevertheless, if one considers the acidic strength (pKa) of 
the modifier as a criterion for comparison, sulfonic-based compounds (2- 
aminoethanesulfonic acid and sulfamic acid) should have higher cal-
cium chelation effectivity compared to carboxylic- and phosphoric- 
based acids [14,37,173]. Such a comparison, however, would rule out 
amine-based chelators such as melamine as they are not acid. 

One limitation of PASP is that it is not selective to some specific ions 
such as lead Pb2+, and therefore its modification is necessary for such a 
purpose. For instance, L-cysteine-modified PASP showed a high affinity 
for removal of Pb2+ without significantly affecting other ions such as 
calcium, and iron [117]. Facile chemical modification of PASP, could be 
benefited in other areas such as chelation therapy where targeting could 
significantly enhance the treatment efficacy. 

5. Conclusion and remarks 

PASP is an anionic synthetic polypeptide and has exhibited excellent 
biocompatibility and biodegradability. Most studies have taken advan-
tage of PASP’s features, with little consideration to its ability to complex 
with metal ions. This review discussed different areas where the chela-
tion ability of PASP in particular has thus far been exploited, in light of 
which the potential areas and future perspectives were also introduced. 
Industrially, PASP has been used mainly as a green antiscalant, and 
given the importance of environmental protection, its use is growing 
exponentially. PASP was shown to be an effective and edible stabilizer 
for preservation of wines. PASP has also exhibited excellent ability in 
stabilization of variety of colloidal systems that contain metal ions as a 
major surface constituent such as iron oxide nanoparticles, where 
excellent MRI contrast has been obtained. PASP chelation has also 
alleviated the toxicity of heavy metals in Zebrafish. Overall, the interest 
in PASP is exponentially growing due particularly to its complexation 
ability and is expected to be exploited in more areas. Our group is 
currently exploring the therapeutic efficacy of the polymer for different 
disorders. Hybrid organic/inorganic nanoparticles could be synthesized 
in-situ by taking advantage of ion chelation of PASP. In this regard, PASP 
hydrogels could be considered highly promising as ion reservoirs for NP 
formation. Furthermore, the development of PASP hydrogels could be 
highly beneficial for the removal of heavy metal ions from industrial 
wastewater. Through modification of PSI, chemical attachment of PASP 
onto a variety of membranes could be achieved for demineralization and 
removal of toxic heavy metals. 
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Table 3 
Modification of PASP for improving anti-scaling efficiency against different minerals and chelation of heavy metals.  

Modifying agent Chemical structure of modifier Mineral(s) 
studied 

Improved Scale Inhibition efficiency Fluorescence property Corrosion 
Inhibition 

Ref 

Iminodiacetic acid CaCO3 Yes, due to the presence of two 
carboxylic acid groups of the 
modifier 

n.d. n.d. [53] 

Sulfamic acid 
With either histidine or 
arginine 

Sulfamic acid 

CaCO3, and 
CaSO4 

Yes n.d. Yes [65] 

Arginine 
Tyrosine, tryptophan and 

sulfamic acid 

Tyrosine 

CaSO4 Yes (more effective than PASP and 
commercially available scale 
inhibitors such as PAPEMP 
(phosphoric acid based) and JH-907 
(acrylic acid based). 

n.d. n.d. [148] 

Tryptophan 

sulfamic acid 
Carbazole (3-amino-9-ethyl 

carbazole) and hydroxyl 
(ethanolamine) 

Carbazole(3-amino-9-ethyl 
carbazole) 

CaP, CaCO3 Yes Yes, due to the 
presence of carbazole 
group 

n.d. [146] 

hydroxyl (ethanolamine) 
Serine CaCO3, 

CaSO4, and 
CaP 

Yes n.d. n.d. [69] 

2-aminoethanesulfonic acid Seawater 
scale 
formation 

Yes n.d. n.d. [95] 

Tryptophan, and taurine (2- 
aminoethanesulfonic acid) 

Tryptophan 

CaSO4 and 
CaCO3 

Yes, due to sulfonic acid which is 
typically stronger than carboxylic 
acids. 

Yes, due to indole 
group of tryptophan 
(emission peak at 390 
nm) 

n.d. [11] 

taurine (2-aminoethanesulfonic 
acid) 

Aminobenzenesulfonic acid CaP and 
CaCO3 

n.d. n.d. n.d. [76] 

Urea CaCO3, 
CaSO4 and 
CaP 

Yes, due to acylamino group from 
urea which has lone pairs in the N 
atom. 

n.d. n.d. [149] 

5-amino orotic acid n.d. n.d. [150] 

(continued on next page) 
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