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Abstract 

Polypeptoids, consisting of nitrogen-substituted analogues of polypeptides, have become a real asset 

in modern sciences especially in the biomedical field. To address the increasing demand for 

polypeptoid structures with specific properties, this work explores the combinatorial character of the 

Ugi-four component polymerization of amino acid derivatives such as dipeptides and aminobutyric 

acid compounds with different aldehydes and isocyanides. A library of structurally diverse 

polypeptoids is prepared accordingly. Thermal and solution properties of the latter are characterized 

and discussed in a structure– property relationship approach highlighting the impact of both the 

backbone and side chains. Some materials demonstrate pH-responsiveness, thermo-responsiveness 

with tunable transition temperatures and biocompatibility. Given the great variety of possible 

substrates and the promising properties of the obtained polypeptoids, this straightforward and 

combinatorial strategy is attractive for the future development of polypeptoids and resulting 

applications. 

Introduction 

Polypeptoids are a class of non-natural biomimetic polymers that have raised huge interest in the last 

few years especially for biomedical applications.1–4 They consist of nitrogen-substituted analogues of 

natural polypeptides. In theory, the term polypeptoid should be restricted to polymers based on N-

substituted glycine units5 but it is commonly used to designate indiscriminately all polypeptoid 

analogues, i.e. the N-substituted polyamide backbone, and so will it be throughout the text. The 

substitution of the nitrogen atom in polypeptoids accounts for major differences in their secondary 

and tertiary structures compared to polypeptides. While the secondary 
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structures of polypeptides are stabilized by hydrogen bonds between amides present in the backbone, 

the N-substitution prevents such interactions in polypeptoids. However, a wise choice of the N-

substituted group can generate well-defined secondary structures similar to those of polypeptides by 

steric and electronic effects.1,6–14 These specificities generally impart to them good solubility in 

common solvents,15–17 high stability of their 3D structure18 and improved resistance to hydrolysis and 

proteolysis,4,19 phenomena that can be problematic for peptide-assisted drug delivery.19–22 Like 

polypeptides, polypeptoids exhibit good biocompatibility, a prerequisite for their applicability in the 

biomedical field.1,23,24 

The synthesis of polypeptoids can be achieved by various pathways.25–27 First, they can be prepared 

by classical iterative methods (Scheme 1A) involving repeated monomer addition/ deprotection steps 

often carried out onto solid phase material28,29 or via a solid-phase submonomer approach based on 

primary amines and haloacetic acid building blocks which does not require the deprotection 

reaction.30,31 The iterative methods allow perfect sequence control with absolute monodispersity, but 

at the cost of a yield which decreases and a longer reaction time when the number of monomer units 

increases.25 Alternatively, the living ring-opening polymerization (ROP) of N-substituted α-amino acid-

N-carboxyanhydrides (NNCAs) gives access to poly-α-peptoids with high molar masses in good yields 

(Scheme 1B).1,2,23,32,33 This ROP has been successfully extended to β-NNCAs (Scheme 1B).34 

 

 

Scheme 1 Synthesis methods of polypeptoids and their analogues. 
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Although, the sequence regulation is more limited in this case, valuable polypeptoid structures 

including statistical and block copolymers can be produced accordingly.33 As a downside, the synthesis 

of NNCAs is not trivial especially when the complexity of the side chains increases. Moreover, their 

ROP must be carried out under strict anaerobic and anhydrous conditions due to the moisture 

sensitivity of these monomers. Note that the synthesis of poly-β-peptoids and poly-γ-peptoids can also 

been achieved by ring opening copolymerization of aziridine and azetidine with carbon monoxide 

(Scheme 1C).17,35 Another recent strategy for preparing polypeptoid analogues relies on the Ugi four-

component reaction (Ugi-4CR) 

(Scheme 1D). This efficient, atom-economical, catalyst-free and air-tolerant multicomponent reaction 

(MCR) occurs under mild conditions and generates α-amido amide derivatives in one pot from 

carbonyl, amine, carboxylic acid and isocyanide reactants.36 The key steps consist of the condensation 

of the carbonyl and the amine to afford the formation of iminium that undergoes a nucleophilic attack 

from the isocyanide to form a nitrilium intermediate. Eventually, after the addition of carboxylate onto 

the nitrilium, an α-amido amide is generated through acyl group migration (Mumm rearrangement) 

with water as the sole by-product (Fig. S1A†).37 Since its introduction in macromolecular chemistry by 

Meier et al.,38 the Ugi4CR has been applied to several monomers giving access to a large variety of 

amide-containing polymers39–41 including polypeptoid analogues (Scheme 1D).42 Sequence-defined 

polypeptoids were produced by the Ugi-4CR through an iterative approach43,44 whereas the step-

growth process based on the Ugi-4CR paved the way to sequence-undefined polypeptoids.24,42,45–48 For 

example, lysine methyl ester and N-bocglutamic acid served as AA and BB type monomers in the Ugi4C 

step-growth polymerization leading to alternating polypeptoids and the corresponding 

polyampholytes upon cleavage of the protecting groups.24 Some alternating polypeptide-alt-peptoids 

were also produced by the Ugi-4CR involving a carboxylic acid/isocyanide AB monomer and an imine.47–

49 In this context, amino acid derivatives possessing two of the four functions necessary for the Ugi-

4CR quickly drew attention as natural AB building blocks. Unfortunately, the use of α-amino acids is 

hampered by a side-reaction consisting of intramolecular cyclisation via the Ugi-4CR leading to 

oxazepinone (Fig. S1B†).45 This can be tackled by increasing the distance between the amine and the 

carboxylic acid in the building block which limits this side reaction and allows the step-growth 

polymerization to occur. For example, a modified lysine (Nα-Boc-L-lysine), with α-amine protected by a 

tert-butoxycarbonyl group and a free ε-amine, led to the corresponding poly-ε-peptoids by reaction 

with an isocyanide and a carbonyl derivative.45 Poly-γ- and poly-δ-peptoids were prepared following 

the same strategy.45 Finally, some alternating poly(peptides-alt-peptoids) have also been synthesized 

by Ugi-4 component polymerization (Ugi-4CP) of simple dipeptides carried out in water in the presence 

of tert-butyl isocyanide and formaldehyde.46 

In this work, we explored the combinatorial character of the Ugi-4CR in the step-growth 

polymerization of a variety of amino acid derivatives, isocyanides and aldehydes, in order to access 

structurally diverse polypeptoids with specific properties and fulfill the ever-growing demand for 

unique polypeptoid materials (Scheme 1D). In addition to simple dipeptides like glycylglycine, we 

considered β-alanyl-L-histidine as a difunctional substrate as well as some easily available 4-amino-

butyric acid compounds with different polarities. These building blocks were reacted with common 

aldehydes, namely formaldehyde and isobutyraldehyde, in combination with various isocyanides 

bearing differently substituted aliphatic groups or hydrophilic substituents such as the morpholino 
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function. This systematic study notably emphasized the impact of the solvent choice on the reaction 

efficiency and thus on the molar mass of the polymers. A library of unprecedented polypeptoids was 

prepared accordingly. The thermal properties and solution behaviors of the latter were then 

characterized and discussed in a structure–property relationship approach. Some of them exhibit pH 

sensitivity but also thermoresponsiveness with tunable transition temperatures. The biocompatibility 

of novel water-soluble polypeptoid structures was also validated by cell viability tests. 

Experimental section 

MATERIALS 

tert-Butyl isocyanide (tBuNC) (98%), cyclohexyl isocyanide (98%), 1-pentyl isocyanide (97%) and 

formaldehyde (37 wt% in H2O) were purchased from Sigma-Aldrich, γ-aminobutyric acid (>99%), 2-

morpholinoethyl isocyanide (>98%), ethyl isocyanoacetate (95%), glycylglycine (>99%) and 

isobutyraldehyde (>99%) were purchased from Acros Organics and 4-amino-3hydroxybutyric acid 

(>98%) was purchased from Tokyo 

Chemical Industry Europe (TCI). Beta-alanyl-L-histidine (98%) was purchased from abcr and 

dimethylformamide (DMF) and diethylether (Et2O) were purchased from VWR Chemicals. Methanol 

(MeOH) was purchased from Fisher Chemical. All chemicals and solvents were used without 

purification. Spectra/Por® dialysis tubings (cut-off, 1 kDa) were purchased from SpectrumLabs. DMEM 

solution: 89% Dulbecco’s Modified Eagle’s Medium, high glucose (4.5 g L−1 
D-glucose), GlutaMAX™ 

Supplement, pyruvate (Gibco, Grand Island, NY, United States), 10% fetal bovine serum (Gibco, Grand 

Island, NY, United States), and 1% of antibiotics (penicillin/streptomycin 10 000 U/10 000 µg ml−1) 

(Lonza, Basel, Switzerland). DMEM/F-12 no phenol red (Gibco, Grand Island, NY, United States) and 

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS) (Promega, Leiden, The Netherlands) 

were obtained. 

CHARACTERIZATION 

Molar masses (Mn, Mw) and dispersity (Đ) of the polymers were characterized by size exclusion 

chromatography (SEC) at 55 °C in dimethylformamide (DMF) containing LiBr (0.025 M) using a flow 

rate of 1 mL min−1 with polystyrene calibration. SEC curves were recorded with a Waters 

chromatograph equipped with two columns (Waters Styragel pss gram 100 Å (×2)) in an oven at 55 °C 

and a refractive index detector (Waters 2414) working at 40 °C. 1H NMR, HSQC and COSY spectra were 

recorded at 298 K with a Bruker Avance III HD spectrometer (B0 = 9.04 T) (400 MHz) and treated with 

MestReNova software. IR spectra were recorded on a Thermo Fisher Scientific Nicolet IS5 system 

equipped with an ATR ID5 module using a diamond crystal (650 cm−1–4000 cm−1). Differential scanning 

calorimetry (DSC) was performed on a TA Instruments Q1000 DSC system, using hermetic aluminium 

pans, indium standard for calibration, nitrogen as the purge gas, and a sample weight of ∼5 mg. The 

sample was cooled down to −80 °C at a 20 °C min−1 cooling rate, followed by an isotherm at −80 °C for 

2 min and heating up to 180 °C at a 10 °C min−1 heating rate. These cycles were repeated twice. The 
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fourth cycle (last heating from −80 to 180 °C) was analysed. Thermogravimetric analyses (TGA) were 

carried out with a TGA 2 large furnace from Mettler Toledo under nitrogen at a heating rate of 20 °C 

min−1 from ambient temperature to 600 °C with a sample weight of ∼10 mg. Turbidity was determined 

by measuring the absorbance at 260 nm on a Jasco v-630 spectrophotometer. 

The polymers (P1, P2, P3, P5 and P10) were dissolved in Milli-Q water (2 mg mL−1) and subjected to 

heating–cooling cycles in a quartz cuvette at a constant rate of 2 °C min−1 in a temperature controlled 

multicell holder. pH measurements were performed on a pH/ORP meter HANNA HI2211. The 

calibration of the instrument was performed with HANNA buffer solutions at pH 7.01 and 4.01 before 

the titrations. Regarding the viability of HeLa cells, the CellTiter 96® Aqueous One Solution Cell 

Proliferation Assay is based on similar principles to the widely used MTT assay. The active component 

is a tetrazolium compound called MTS (similar to MTT and its derivatives), which is reduced to a 

coloured formazan product. The amount of the formazan product is directly proportional to the 

number of living cells; therefore, cell proliferation or death can be quantified by reading the plate at 

490 nm. The absorbance was read at 490 nm using a Powerwave X microplate spectrophotometer 

(BioTek Instruments Inc., Winooski, USA) and the viability was calculated and normalized from the 

absorbance of control samples taken as 100% (PS). 

The Matrix-Assisted Laser Desorption/Ionization Time-ofFlight (MALDI-ToF) mass spectra were 

recorded using a Waters QToF Premier mass spectrometer equipped with a Nd:YAG laser using the 3rd 

harmonic with a wavelength of 355 nm. In the context of this study, a maximum output of ∼65 µJ is 

delivered to the sample in 2.2 ns pulses at a 50 Hz repeating rate. Time-of-flight mass analyses were 

performed in the reflection mode at a resolution of about 10 000. trans-2-(3-(4-tert-Butylphenyl)-2-

methyl-2-propenylidene)malononitrile (DCTB) was used as the matrix and was prepared as a 40 mg 

ml−1 solution in chloroform. The matrix solution (1 μL) was applied to a stainless steel target and air-

dried. Polymer samples were dissolved in adequate solvent to obtain 1 mg mL−1 solutions and 20 μL of 

NaI solution (2 mg mL−1 in acetonitrile) were added as the source of a cationization agent. Then, 1 μL 

aliquots of these solutions were applied onto the target area (already bearing the matrix crystals) and 

then air-dried. 

GENERAL PROCEDURE FOR UGI-4C POLYMERIZATION 

In a typical experiment, the amino acid (1.0 mmol) was dissolved in 0.62 mL of Milli-Q H2O, MeOH or a 

H2O/MeOH mixture (1 : 1 v : v). Aldehyde (1.3 mmol) was added to the stirred solution at room 

temperature followed by addition of isocyanide (1.3 mmol). The polymerization was carried out at 

room temperature. After 24 h of reaction, the crude mixture was dried under vacuum and the 

remaining solid was dissolved in MeOH (0.5 mL) and then precipitated in 10 mL of Et2O unless 

otherwise stated. Centrifugation was applied when necessary to recover the precipitate. The polymers 

were analyzed by NMR in deuterated DMSO and SEC in DMF/LiBr. 

SYNTHESIS OF POLY(PEPTIDE-ALT-PEPTOIDS) P1–P10 VIA UGI-4C POLYMERIZATION 

In all experiments, the corresponding amino acid (4 mmol) was dissolved in 2.48 mL of Milli-Q 

water/MeOH (1 : 1 v : v) or MeOH. Aldehyde (5.2 mmol) was added to the stirred solution at room 

temperature followed by addition of isocyanide (5.2 mmol). The polymerization was carried out at 
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room temperature. After 24 h of reaction, the crude mixture was dried under vacuum and the 

remaining solid was dissolved in MeOH (10 mL) and then dialyzed against MeOH (cut-off 1 kDa) for 24 

h except for P7 and P8 for which the dialysis was performed in DMF. The collected polymers (see Table 

S2†) were analyzed by SEC in DMF/LiBr with polystyrene calibration, NMR (1H, HSQC, COSY, HMBC) (30 

mg mL−1 of deuterated DMSO), ATR, TGA and DSC. 

TITRATION OF P5 

The polymer solution (0.05 M) was prepared by solubilization of 272.6 mg of P5 in 15 mL of HCl solution 

(0.1 M). A solution of sodium hydroxide was prepared by solubilizing 1 g in 250 mL Milli-Q water and 

calibrated with oxalic acid dihydrate in the presence of phenolphthalein. The NaOH concentration was 

0.1019 M. The pH was monitored with a pH meter after each addition of 0.5 or 0.2 mL of NaOH solution 

in 10 mL of the polymer solution. 

CELL VIABILITY 

Solutions containing the polymers P1, P2, P10 and PEG5k were prepared at the desired concentrations 

(1000, 500 and 100 µg mL−1 of DMEM) under aseptic conditions by filtration through a 0.2 µm filter and 

kept at 6 °C. HeLa cells were seeded in 96-well plates at a density of 2000 cells per well. The cells were 

incubated in DMEM at 37 °C under 5% CO2. After 24 h, fresh media containing the polymers were 

added to the corresponding wells after removing the old media. Each condition was replicated in five 

wells. On the same plate, we prepared 5 controls which contain no polymers as well as 5 blanks that 

contain no cell or polymer. After incubation for 72 h at 37 °C under 5% CO2, the wells were washed 

three times with DMEM-F12 and cell viability was measured by the MTS method. Cell viability was 

expressed as a percentage relative to the controls set at 100%. The experiment was repeated two more 

times. The final results are given by the averages of each measurement which are normalized for each 

plate using the average of the controls set at 100%. The standard deviations are represented by error 

bars after removal of outliers. 

Results and discussion 

SYNTHESIS OF POLYPEPTOIDS 

In a combinatorial approach, four amino acid building blocks were reacted with different aldehydes 

and isocyanides to design structurally diverse polypeptoids via Ugi-4C step-growth polymerization 

(Scheme 1D). In particular, we selected a series of amino acids in which the distance between the 

amine and the carboxylic acid moiety is sufficient to prevent 6-membered ring cyclisation via the 

intramolecular side reaction discussed above. In addition to glycylglycine (glygly), we considered 

another natural dipeptide of β-alanine and histidine, namely carnosine, notably because of its 

protonability and potential as precursors of pH-responsive materials. Two aliphatic and commercially 

available amino acids, i.e. γ-aminobutyric acid (aba) and its hydroxylated derivative, 4-amino-3-

hydroxybutyric acid (haba), completed the study. 
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First, these four amino acid building blocks were reacted with tert-butyl isocyanide (tBuNC) and 

formaldehyde (Table 1) in order to vary the structure of the backbone of the polypeptoids while 

keeping constant the nature of their side chains. Since step-growth polymerization via the Ugi-4CR is 

often carried out in MeOH,24,38,45 this solvent was selected for our first polymerization assays. All 

reactions were performed for 24 h at room temperature (RT) under an ambient atmosphere using an 

amino acid concentration of 1.6 M and a slight excess (1.3 eq.) of monofunctional reagents, i.e. tBuNC 

and formaldehyde. As demonstrated elsewhere,38,46 an excess of monofunctional components 

guarantees the availability of these reactants even at high conversions without a detrimental effect on 

the conversion. The four amino acids were insoluble in MeOH, certainly due to the stable zwitterionic 

form adopted by amino acids (Fig. S2†) at neutral pH, and the initial polymerization media consisted 

of a suspension. Along the reaction, the suspension became soluble in the cases of glygly and γ-

aminobutyric acid while the products containing carnosine and 4-amino-3-hydroxybutyric acid 

remained in suspension. At the end of the reactions, products were collected by precipitation in diethyl 

ether (Et2O) and analyzed by size exclusion chromatography (SEC) in DMF. The macromolecular 

parameters are presented in Table 1. Under these conditions, the formation of polymers with quite 

low molar masses was observed in all cases. 
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Concerning the dipeptides, glygly gave a polypeptoid with an apparent average molar mass (Mn) of 

3300 g mol−1 (entry 1, Table 1) whereas oligomers with Mn of about 1500 g mol−1 were formed with 

carnosine (entry 4, Table 1). On the other hand, the aliphatic aba and haba led to polymers with Mn of 

2400 and 2700 g mol−1 respectively (entries 7 and 10, Table 1). 

In order to tackle the solubility issues of the starting materials and to possibly increase of the molar 

mass of the polymers, we carried out the same reactions in water which is known as a suitable solvent 

for the Ugi-4CR.50 As anticipated, the four amino acids were soluble in water and polymerizations 

started in the form of homogeneous solutions. Except for the carnosine-based experiment, we 

observed the precipitation of the polymers during the reaction. Overall, using water as a solvent in 

place of MeOH increased the apparent Mn for all polymerizations of amino acids except carnosine 

(entries 2, 5, 8 and 11, Table 1). Since amino acids are soluble in water and insoluble in MeOH and 

because the opposite trend is observed for the final products, we presumed that a mixture of both 

solvents (1 : 1 v : v) would ensure partial solubility of the amino acids while keeping the polymers 

soluble during the polymerization, which might be helpful to increase the molar masses. Except for 

carnosine, the results confirmed our hypothesis. Indeed, Mn values were higher in the MeOH/H2O 

mixture than in pure solvents for glygly, aba and haba (entries 3, 9 and 12, Table 1). The improvement 

is even more striking when comparing the peak molar mass (Mp) which doubled when using a 

MeOH/H2O mixture instead of MeOH as the solvent. Water afforded intermediate Mn and Mp for these 

polymers. However, using a mixture of solvents did not further improve the molar mass of the 

carnosine-based polypeptoid obtained in MeOH (1500 g mol−1). 

Besides the solvent, other parameters such as temperature, reaction time and stoichiometry of the 

reagents were varied in order to optimize the reaction and to possibly increase the molar mass of the 

polypeptoids (Table S1†). As illustrated for the Ugi-4C polymerization of glygly, increasing the 

temperature from 20 °C to 50 °C had a detrimental effect on the molar mass (compare entries 1 and 2 

in Table S1†). Moreover, prolonging the reaction time from 24 to 120 h did not improve the molecular 

weight (compare entries 1 and 3 in Table S1†). Finally, polypeptoids produced from a stoichiometric 

amount of reagents had significantly lower Mn than those synthesized with 1.3 eq. of tBuNC and 

formaldehyde (1400 and 5400 g mol−1 respectively, entries 1 and 4 in Table S1†), which emphasized 

the benefit of using a slight excess of monofunctional reagents in the Ugi-4C polymerization of amino 

acid derivatives. 

In order to gain insight into the reaction and the polymer structure, the glygly-based polypeptoid 

(entry 3, Table 1) was analyzed by MALDI-ToF (Fig. S3†). The MS spectrum showed different 

populations whose peaks are separated by an interval of 227.13 mass units corresponding to the 

expected repeating unit. Note that the intensity of the peaks significantly decreased with the molecular 

weight of the species due to the overestimation of low molecular weight ions.51 The intense population 

at low m/z (e.g. m/z = n × 227.13 + 22.99, m/z 704.32 (n = 3), m/z 931.43 (n = 4),…) was attributed to 

the sodiated macrocyclic compounds. Besides macrocycles, magnification at higher m/z values 

highlighted the presence of linear polymers with a large diversity of chain-ends which emphasizes the 

great complexity of the termination modes. Unfortunately, at this stage, these populations could not 

be unambiguously assigned and do not correspond to the most obvious terminal groups such as amine, 

carboxylic acid, imine, etc. 
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After this first screening, the synthesis of polymers with a decent molar mass, i.e. Mp above 3000 g 

mol−1, was scaled up in order to characterize their structures and properties. For this purpose, the 

optimized polymerization conditions were used and polypeptoids were purified by dialysis instead of 

precipitation which was more efficient to remove residual traces of starting materials. The 

macromolecular parameters of the scaled-up polymers P1, P2 and P3 prepared from glygly, aba and 

haba, respectively, are presented in Table S2.† Their SEC analyses are shown in Fig. S4† after 

purification. 1H NMR analyses performed in DMSO-d6 confirmed the chemical structures of P1–3 (Fig. 1). 

The three polymers present typical signals of the α-amido amide motif generated by the Ugi-4C 

reaction, i.e. the amidic protons a around 7.5 ppm, the methylene protons b around 3.9 ppm and the 

methyl protons c of the tert-butyl group at 1.3 ppm (Fig. 1). 2D NMR experiments (COSY and HSQC) 

confirmed these assignments and helped to attribute other protons specific to the amino acids (Fig. 

S5†). Infrared analyses emphasized the presence of amides with characteristic peaks at 1645 and 1540 

cm−1 corresponding to CvO stretching and N–H deformation, respectively, whereas the aliphatic part 

of the polymers was evidenced by CH3 deformation and CH2 scissoring peaks between 1460 and 1390 

cm−1(Fig. S6†). 

 

Next, the polymerization of the four amino acids with tBuNC was investigated with another aldehyde, 

i.e. isobutyraldehyde (Table 2). H2O, MeOH and a mixture of both were considered for the 

polymerization of glygly involving isobutyraldehyde. In spite of a minor secondary peak at 1000 g 

mol−1, the best results were obtained in MeOH with Mp and Mn equal to 12 400 and 5300 g mol−1, 

respectively (entry 3, Table 2). Trials carried out in water and in water/MeOH gave lower Mn values, 

i.e. 2100 and 2600 g mol−1 respectively (entries 1 and 2, Table 2), and the SEC chromatogram showed 

a broad and multimodal peak for the polymerization in water (Fig. S7†). The MALDI-TOF analysis of this 

polypeptoid (entry 3, Table 2) confirmed the nature of the repeating unit (269.17 mass units) and the 

presence of low molecular weight macrocyclic species (Fig. S8†). The other three amino acids were 
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reacted with tBuNC and isobutyraldehyde in the most promising solvents, i.e. MeOH and the 

MeOH/H2O mixture. In all the cases, the macromolecular parameters of the polymers were quite 

similar in both solvents. Note that carnosine gave slightly higher Mn in MeOH/H2O (3300 g mol−1, entry 

4, Table 2) compared to MeOH due to lower contamination by low molar mass oligomers. Aba led to 

polymers with slightly higher Mn and Mp in MeOH (entry 7, Table 2) while haba only produced low 

molar mass polymers with the Mp below the threshold of 3000 g mol−1. After this second screening, 

the synthesis of three more polypeptoids (Table 2, entries 3, 4 and 7, respectively) was deemed worthy 

for scaling up (P4–6 in Table S2†). The structures of P4–6 were corroborated by 1H NMR (Fig. 2) and 2D 

NMR (COSY and HSQC, Fig. S9†) and also by IR analyses, showing characteristic peaks of CvO stretching 

and N–H deformation of amides at 1645 and 1540 cm−1, respectively (Fig. S10†). 

Eventually, a series of isocyanides were tested with both aldehydes in the Ugi-4CP of glygly. In 

addition to tBuNC, two aliphatic isocyanides with different lengths and branchings, namely cyclohexyl 

and n-pentyl isocyanide, were reacted for 24 h in water or methanol with glygly in the presence of 

formaldehyde or isobutyraldehyde (entries 1–3 and 6–8, Table 3). Regardless of the solvent used, we 

observed a significant decrease of the Mn of the polymer when tBuNC was replaced by cyclohexyl (from 

5300 g mol−1 to 3600 g mol−1 in MeOH). The drop in the Mn was even more pronounced for n-pentyl 

isocyanide (2300 g mol−1, entry 6, Table 3). Such a trend suggests that the efficiency of the present Ugi-

4CR depends on the bulkiness of the isocyanides. The latter can be estimated by the Charton values 

(v) of the substituents (vtert-butyl = 1.24, vc-hexyl = 0.87, vn-pentyl = 0.68) derived from van der Waals radii.52,53 

In these studies, the kinetics of various reactions were found to be directly related to the bulkiness of 

the reagents: the more bulkier the substituent, the slower the reaction.52,53 Therefore, the steric 

hindrance of the isocyanide could have affected the kinetics of concurrent reactions more than the 

Ugi-4CP itself. 
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This might explain why bulkier isocyanides (tBu > cyclohexyl > n-pentyl) led to polypeptoids with higher 

molecular masses. Finally, two other isocyanides bearing an ester or a morpholino function, namely 

ethyl isocyanoacetate and 2-morpholinoethyl isocyanide, were tested. Oligomers were obtained (Mn 

of 700 and 600 g mol−1) when the reaction was performed in water with formaldehyde (entries 4 and 

5, Table 3) whereas their polymerization in MeOH with isobutyraldehyde gave higher Mn especially for 

2-morpholinoethyl isocyanide (Mn = 2400 g mol−1, MP = 3200 g mol−1) (entry 10, Table 3). Four novel 

polypeptoids (P7–10, Table S2†) were scaled up (entries 2, 7, 8 and 10, Table 3) and characterized by 

NMR (Fig. S11 and S12†) and IR (Fig. S13†). Overall, a library of ten novel polypeptoids differing by the 

nature of their backbone and/or side chains was produced by Ugi-4CP highlighting the strength of this 

combinatorial MCR approach. Thereafter, the thermal and solution properties of these unique 

polymers were measured and put in perspective with their structural variations. 

Thermal properties of polypeptoids 

Polypeptoids P1–10 present different backbones formed by the amino acids and various side chains 

composed of aldehydes and isocyanides, all articulated around a typical α-amido amide moiety 

generated by the Ugi-4CR. Such a systematic variation of the reactants allowed us to study the 

relationship between the structure of the polypeptoids and their thermal properties. All polymers were 

subjected to thermal gravimetric analysis (TGA) to determine their onset degradation temperature, 

that is, the temperature at 5 weight% of loss (TOD) (Fig. S14†). Differential scanning calorimetry (DSC) 

analyses were also carried out to measure their glass transition temperatures (Tg) and their melting 

temperatures (Tm) (Fig. S15†). Although the thermal properties of polymers depend to a certain extent 

on their degree of polymerization, in this study, we considered polymers with molar masses in the 

same range. 

First, the thermal properties of P1–3 having identical side chains with three different backbones made 

of glygly, aba and haba were compared (Fig. 3). The aba-based polymer P2 with aliphatic carbons 

between the peptoid bonds showed the highest thermal stability with a TOD value equal to 325 °C. 

Introduction of an additional peptide bond within the repeating unit of the polypeptoid, i.e. glygly-

based polymer P1, decreased the TOD by 63 °C. The decrease of the onset degradation temperature was 

even greater for the haba-based polymer P3 (TOD = 232 °C) likely due to the elimination of the hydroxyl 

group similarly to the degradation of poly(vinylalcohol) (PVA).54 This hypothesis is comforted by the 
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degradation profile of P3 showing a two-step degradation like PVA (Fig. S14†).55 On the other hand, no 

Tm was detected in the DSC analyses of P1–3 (Fig. S15†). Among them, P2 presented the lowest Tg (93 °C) 

as a result of the relatively high flexibility of the aliphatic sections of the main chain. Interestingly, the 

presence of an alcohol in P3 increased the Tg to 117 °C. In this case, the alcohol moieties probably 

induce extra intermolecular hydrogen bond interactions which reduce the chain mobility. Moreover, 

the formation of a six-membered ring via intramolecular H-bond between the alcohol and the adjacent 

tertiary amide can also rigidify the backbone (Fig. S16†). As anticipated, P1 had the highest Tg (162 °C) 

among the three polymers. Indeed, the peptide bond within the repeating unit of P1 certainly favors 

interchain interactions via H-bonding but also the formation of a five-membered ring via 

intramolecular hydrogen bond interaction between the secondary and tertiary amides, as shown in 

Fig. S16,† which stiffens the main chain. 

The influence of the side chains, and thus of the choice of the aldehyde and isocyanide, on the 

thermal properties of the polypeptoids was then examined (Fig. 3). In this perspective, we considered 

three pairs of polymers (P1–P4, P2–P6 and P7–P8) which differ by the aldehyde used in their synthesis 

(i.e. formaldehyde or isobutyraldehyde). In each couple of polymers, the maximum variations in TOD 

and Tg were smaller than 20 °C and 10 °C, respectively, highlighting the limited impact of this group on 

the thermal properties. On the other hand, polypeptoids produced from different isocyanides (P4, P8, 

P9 and P10) showed no differences regarding their TOD meaning that their degradation mainly depends 

on the backbone structure. In contrast, the choice of the isocyanide precursor significantly affected the 

Tg. In the series of aliphatic isocyanides, the glass transition temperature of the resulting polypeptoids 

decreased in the following order: tert-butyl > cyclohexyl > n-pentyl (Tg P4 > Tg P8 > Tg P9). In order to 

rationalize these observations, it is worth considering a recent study by Gomez et al.56 demonstrating 

that the dynamics of the backbone and the side chain of a polymer, in that case polythiophene, are 

mutually affected. Briefly, an increase of the side chain mobility led to an increase of the backbone 

mobility and eventually to a decrease of Tg. The dynamics of an atom of the side chain was shown to 

increase with its distance from the backbone underlying the dependence of the mobility of the chains 

on the length of the alkyl side group. When comparing branched and linear alkyl chains with the same 

number of carbon atoms, the mobility of the former was lower since its carbons are located closer to 

the main chains. These conclusions were validated for polypeptoids with different side chain lengths.57 
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In the light of these considerations, the lower Tg observed for P9 compared to P4, bearing an n-pentyl 

and tert-butyl group respectively, can be rationalized by the higher mobility of the n-pentyl group. The 

same reasoning applies to the higher Tg of P8 bearing a cyclohexyl group compared to P9 (n-pentyl) since 

atoms of cyclohexyl are closer to the main chain and the mobility of this group is restrained by its cyclic 

structure. A similar trend was reported for poly(methacrylate)s with n-pentyl and cyclohexyl pending 

moieties and supported by the free volume theory.56 Eventually, the lower Tg of P8 compared to P4 can 

also be explained based on the distance between the atoms of the side chain and the backbone which 

is higher for the furthest methylene group of cyclohexyl compared to the methyl ends of tert-butyl. 

Note that P10 with morpholino lateral groups exhibited a quite similar TOD (251 °C) and intermediate Tg 

(115 °C) in comparison with their aliphatic counterparts. 

SOLUTION BEHAVIOR 

Polymers that respond to stimuli such as changes of temperature or external pH are steadily gaining 

increasing interest for advanced applications especially in the biomedical field.58–60 In this context, the 

aqueous solution behavior of our library of polypeptoids P1–10 was examined under different 

conditions. A first screening showed that five polypeptoids are soluble in water at a concentration of 

2 mg mL−1. These include P1–3, all produced from formaldehyde. In contrast, the corresponding 

polymers obtained from isobutyraldehyde were insoluble probably due to the higher hydrophobicity 

and bulkiness of the lateral chain. The sole exceptions were polypeptoids P10 and P5 which possess polar 

morpholino and imidazole pending groups. Note that P10 was soluble in water in the whole range of pH 

while the solubilization of the carnosine-based polymer P5 required an acidic medium as discussed 

below. 

The polypeptoid P5 exhibited a pH-responsive behavior and solubilized in water after protonation of 

the pendant imidazole of the histidine units. The pKa of P5, measured by basic titration of an acidified 

solution of P5, was found to be equal to 5.9 (Fig. 4A). 

During the titration, the precipitation of P5 began at pH 5.8, so close to the measured pKa. This 

behavior was very similar to that of poly-L-histidine which is soluble below pH 6 near its pKa. 

Interestingly, the sudden pH rise suggests that the proton-ability of the histidine side chain does not 

depend on neighboring interactions. It was confirmed by the Henderson– Hasselbalch equation (eqn 

(1)).61 

 ¼  1 α ð Þ 

 pH pKa  mlog1 

α 

where α corresponds to the degree of neutralization, Ka is the average dissociation constant and the 

parameter m reflects the electrostatic interaction between neighbor ionizable groups. 

In practice, the m value of P5 was extracted from the slope of Henderson–Hasselbalch plots in a 

region where the α value ranges between 0.2 and 0.6 (Fig. S17†). It was equal to 1 showing the absence 

of neighboring interactions within P5. By comparison, the m value of poly(vinylamine)s having a high 

density of amine functions is around 5.3.62 
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The possible thermoresponsiveness of the polypeptoids P1, P2, P3, P5 and P10 was also explored. The 

starting polymer solutions (2 mg mL−1) were prepared at low temperature (6 °C) and neutral pH, except 

for P5 which was dissolved in 60 mM HCl to ensure its solubility. The thermal response of the 

polypeptoid solutions was studied by monitoring the evolution of their transmittance at 260 nm during 

heating and cooling cycles. The cloud point temperature (TCP), that is the temperature above which a 

demixing of phases occurs, was measured at 50% loss of transmittance. Concerning P5 and P10, no 

thermoresponsive behavior was observed upon heating the polymer solutions (2 mg mL−1) until 90 °C. 
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In these cases, the imidazolium and morpholino group drastically enhanced the solubility of the 

polypeptoids preventing their solution demixing. As an additional proof of their improved solubility, 

more than 50 mg of P5 and P10 were dissolved per mL of water. In contrast, the glygly-based 

polypeptoid P1 exhibited a TCP value of 26.5 °C upon heating, in perfect accordance with previous 

observations (Fig. 4B).46 The reversibility of the transition was attested by monitoring the transmittance 

during the cooling (Fig. S18†). In this case, a hysteresis phenomenon of a few degrees was observed 

suggesting the formation of intermolecular hydrogen bonds in the collapsed state via the secondary 

amides, as was the case for poly(N-isopropylacrylamide).63 Expectedly, the corresponding aba-based 

polypeptoid P2 showed a lower TCP value (20 °C) compared to P1 due to the increase of the 

hydrophobicity of the backbone resulting from the substitution of a secondary amide for an aliphatic 

chain (Fig. 4B). More surprisingly, the introduction of a polar hydroxyl group within the aminobutyric 

acid backbone P3 further decreased the TCP to 13 °C suggesting that the –OH groups are preferentially 

involved in inter- or intra-chain interactions rather than in the solvation of the polymer. All in all, we 

identified three thermoresponsive polypeptoids with specific transition temperatures. 

CELL VIABILITY 

As a first evaluation of the potential of these novel polypeptoid sequences in the biomedical field, we 

assessed their cytotoxicity towards HeLa cells via MTS assay. In this study, we considered polymers 

that are soluble at 37 °C in the cell culture medium at certain concentrations ranging from100–1000 

µg mL−1, namely P1, P2 and P10.  

 

More precisely, clear solutions of P1 and P2 could be prepared for concentrations of 500 µg mL−1 and 

100 µg mL−1, respectively, and the morpholino-functional P10 was soluble at all concentrations. In 

addition to our polypeptoids, poly(ethylene glycol) (PEG) (5000 g mol−1) was selected as a common 

standard.24,64 In practice, cells were incubated at 37 °C for 72 hours with the polymer and cell viability 

was expressed as a percentage relative to the controls containing no polymers set at 100%. The data 
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are presented in Fig. 5. The PEG standard logically exhibited low cytotoxicity towards HeLa cells with a 

minimal viability of 88% at 1000 µg mL−1. Importantly, the glygly-based P1 and P10 as well as the aba-

containing P2 showed excellent cell viability levels that were statistically similar to those of PEG. A cell 

viability slightly higher than 100% was measured for P1 due to statistical error. Interestingly, for the 

morpholino-functional P10, we noticed a slight increase of the toxicity with the increase of its 

concentration but its intrinsic cell viability remained competitive to PEG even at the highest 

concentration. This dependence of cell viability on the concentration of P10 was confirmed by a one-

way ANOVA test (Fig. S19†). Overall, the data clearly demonstrated the low toxicity of these 

polypeptoid sequences obtained by this single-step MCP without advanced purification. 

Conclusions 

In summary, we developed a straightforward one-step synthesis of polypeptoid analogues via Ugi-4C 

polymerization of amino acid derivatives. In a combinatorial approach, a wide variety of reactants, 

namely amino acids, aldehydes and isocyanides, were considered in this multicomponent 

polymerization with the aim to prepare a library of structurally diverse polypeptoids. The 

polymerization conditions were optimized and scaled up for ten unprecedented polymers. The 

systematic variation of the three constituents of the reaction allowed us to study the influence of a 

change in the backbone or in the side chain on the thermal and solution properties of the polypeptoids. 

It notably revealed that the Tg of the polypeptoids markedly depends on the choice of the amino acid 

and of the isocyanide while changing the aldehyde has little impact on their thermal properties. In 

contrast, the replacement of formaldehyde for isobutyraldehyde strongly affects the water solubility 

of the polymer. In this respect, we highlighted the excellent water solubility of the morpholino-

functionalized P10, the pH-responsiveness of the carnosine-based P5 and the thermo-responsiveness of 

a series of polypeptoids P1–3 with various transition temperatures. The low cytotoxicity of some 

polypeptoid structures was also demonstrated. Considering the ease of this multicomponent 

polymerization, the great variety of potential substrates and the valuable properties of the polymers 

prepared accordingly, this approach is attractive to sustain the demand for innovative polypeptoid 

analogues and the applications resulting therefrom. 
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