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ABSTRACT:  

Hypothesis: 

Stimuli-responsive polymers, with properties changing upon different environmental factor variations such as pH, light, me-

chanical stress or temperature, and polymeric nanoparticles have found many important applications in fields such as drug 

delivery, biosensing and environmental research. 

Experiments: 

In this work, thermoresponsive nanoparticles that are able to react by Diels-Alder reaction (a diene-dienophile cycloaddition) 

were studied. Thermoresponsive polymers were synthesized from a biocompatible polymer (poly(lactic-co-glycolic) acid, 

PLGA) and diene (furan) or dienophile (maleimide) derivatives. Emulsification-evaporation method was then used as a fast 

and reproducible method to obtain highly monodispersed polymeric nanosuspensions able to react by Diels-Alder (DA) re-

action.  

Findings: 

The nanoparticles’ size decreased down to 25 nm by increasing the emulsification’s time. The possible direct and retro-Diels-

Alder (rDA) reactions between furan- and maleimide-functionalized nanoparticles were studied by dynamic light scattering 

and electron microscopy. For the first time, the reactivity of the interfacial DA and rDA reactions between functionalized-

nanoparticles was studied, leading to the determination of the activation energy, the enthalpy of activation and the entropy 

of activation. 
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I. INTRODUCTION 
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The number of studies aiming at designing new smart materials keeps increasing since the beginning of 20th century because 

they play an important role in the development of new advanced technologies. [1–3] Today, we can find smart materials in all 

areas of activity. [4–6] Recently, chemical stimuli have been studied for various applications, such as the production of pH-

responsive materials to control drug delivery and separation processes. [7,8] The presence of specific molecules, containing 

polar groups or able to form hydrogen bonds for instance, can also modify the properties of materials.  [9–12] Besides, physical 

stimuli have also gained a lot of interest because they can be remotely applied. Indeed, electro- or magneto-active materials 

can be used to elaborate sensors or robotic muscles for instance. [13–16] Photo-sensitive polymers can change their properties 

in response to light irradiation at a given wavelength and intensity. They are broadly used for bio-patterning and photo-

triggered drug delivery. [16] Another highly-studied physical stimulus consists in the variation of the environmental tempera-

ture. This method is used to elaborate self-healing materials (composites) thanks to weak (H-bonds) or covalent interactions. 

[17–20] In this study, we are especially interested in smart materials that respond to a thermal stimulus. Few reactions can 

actually be classified as thermoreversible reactions, in the sense that they lead to the formation of covalent bonds that are 

reversible only via a thermal stimulus. To the best of our knowledge, they concern alkoxylamine bonds, [21,22] the reversible 

formation of thiazolinediones[23] and the formation of Diels-Alder adducts. [24,25] The latter reaction, classified as a click-reac-

tion, [26,27] corresponds to the cycloaddition between a 1.3 conjugated-diene and a dienophile (a molecule containing a double 

or triple bond) [24] and is the most studied. This reaction is the topic of this study: since most of thermosensitive particles 

presented in the literature were made from chitosan derivatives or poly(N-isopropylacrylamide), [28–32] we prove that the 

Diels-Alder (DA) chemistry can also be applied to obtain thermoresponsive nanoparticles (NPs). The DA reaction is facilitated 

when the energetic gap between the electronic orbitals of the diene (HOMO) and the dienophile (LUMO) are low and, thus, it 

decreases the reaction temperature and time.[24] Furan-maleimide pair has a low HOMO/LUMO gap and this is why it was 

mainly studied in the literature.[25,33–37] We thus first investigated the reactivity of nanoparticles produced from furan- and 

maleimide-functionalized poly(lactic-co-glycolic) acid (PLGA), a biocompatible polymer allowing us to target a wide range of 

applications, and the reversibility of the DA reaction. Indeed, the interfacial retro-Diels-Alder (rDA) reaction has been less 

studied than the direct DA reaction[34,37] and has never been studied yet at the surface of polymeric particles. The main ad-

vantages of this work are i) to not depend on inorganic materials that are potentially toxic and rarely degradable, ii) to work 

with few amounts of chemicals (more economically viable) and iii) to be able to reach a wide range of nanoparticles’ size by 

tuning the process parameters. 

 

II. MATERIALS AND METHODS 
II.1. Materials 
N-(2-Aminoethyl)maleimide was obtained from N-(2-Aminoethyl)maleimide trifluoroacetate salt (Sigma) by liquid-liquid ex-

traction. 

Poly(lactic-co-glycolic acid) 50:50 (PLGA) (Resomer® RG504 H, Sigma, 60 kg mol-1) was functionalized by furfurylamine 

(Sigma) and N-(2-Aminoethyl)maleimide (Sigma) in order to obtain furan- and maleimide-derivatives. Dicyclohexylcar-

bodiimide (DCC, Alfa Aesar) and N-Hydroxysuccinimide (NHS, Sigma) were used to activate the PLGA. Dichloromethane 

(DCM, Sigma), ethyl acetate (Sigma) and surfactant (Pluronic® F-127, Sigma) were used as received. 

 

II.2. Preparation of thermoresponsive polymers 
Furan- and maleimide-functionalized PLGA, represented in Figure 1, were prepared by adapting the method of Dinarvand’s 

team. [40] 1 g of PLGA dissolved in DCM was activated by 70 mg of DCC and 49 mg of NHS at room temperature for 24 h. The 

resultant solution was precipitated by dropping into ice-cold diethyl ether, filtered and dried under vacuum. The activated 

PLGA (0.5 g) dissolved in 5 mL of DCM was added to 1 mg of furfurylamine (or 1.5 mg of N-(2-aminoethyl)maleimide) dis-

solved in 1 mL of DCM. The reaction was carried out under stirring for 7 h at room temperature. The resultant solution was 

precipitated by dropping into ice-cold diethyl ether, filtered and dried under vacuum. 

Furan-functionalized PLGA (Figure S1.a): 1H NMR (400 MHz, CDCl3): δ (ppm) 1.57 (m, 3 H), 4.28 (s, 2 H), 4.81 (m, 2 H), 5.21 

(m, 1 H), 6.60 (t, J = 3.5 Hz, 1 H), 6.78 (t, J = 4.0 Hz, 1 H), 7.52 (s, 1 H). 

The average molar masses of the furan-functionalized PLGA are Mn = 31.88 kg mol-1 and Mw = 63.72 kg mol-1 (Figure S2.a). 

Maleimide-functionalized PLGA (Figure S1.b): 1H NMR (400 MHz, CDCl3): δ (ppm) 1.57 (m, 3 H), 2.65 (d, J = 4.0 Hz, 2 H), 4.11 

(t,  J = 7.2 Hz, 2 H), 4.81 (m, 2 H), 5.21 (m, 1 H), 7.38 (d, J = 10.0 Hz, 2 H). 

The average molar masses of the maleimide-functionalized PLGA are Mn = 33.08 kg mol-1 and Mw = 64.24 kg mol-1 (Figure 

S2.b). 
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Figure 1. a) Furan- and b) maleimide-functionalized PLGA synthesized for this study. 

 

II.3. Preparation of emulsions by elongational-flow micromixing process 
The continuous phases were composed of 15 g L-1 of surfactant (Pluronic® F-127) solubilized in deionized water. The dis-

persed phases were composed of 2 g L-1 of polymer (furan-functionalized PLGA or maleimide-functionalized PLGA) solubil-

ized in ethyl acetate (Sigma). 

The continuous phase (15 v%) and the dispersed phase (85 v%) were used as the raw material for the emulsification system. 

It was mainly assembled with two mid-pressure syringe pumps (neMESYS® Mid Pressure Module, Cetoni) working in oppo-

site phase (withdraw/infuse) and two 25 mL stainless steel syringes (Cetoni). This system was controlled by Cetoni’s soft-

ware to accurately operate flow rate (fixed at 30 mL min-1). A back and forth movement of the pump counts for one cycle. The 

micromixer was fabricated such as to obtain three drilled cylindrical microchannels having a diameter of 150 μm, acting as a 

restriction to the flow, forming nanoemulsions by elongation process. Two microchannels were connected to the stainless-

steel syringes with two PTFE tubes (1.06 mm ID x 1.68 mm OD) and the third microchannel was used to finally collect the 

emulsion. At the end of the process, the samples were collected, poured in a plastic vial and left overnight in a fume hood to 

let the organic solvent evaporated. 

 

II.4. Characterization methods 

II.4.1. Size-exclusion chromatography 
Molecular weights and molecular weight distributions were determined using a SEC system equipped with a Shimadzu LC-
20AD 

pump, a Shimadzu SIL-20AHT automatic injector, a Shimadzu DGU-20A in-line deaerator, three PLgel B columns in row (sep-
aration: 500 g mol-1 – 10 Mg mol-1, 10 μm, 300 mm length x 7.5 mm ID) and a Shimatzu RID-10A refractive index detector. 
The measurements were operated at 30°C, thanks to a Shimadzu CTO-10AC oven, using toluene as eluent at a flow rate of 
1 mL min-1 as using chloroform as flow marker. The molecular weight calibration was based on twelve narrow molecular 
weight linear polystyrene standards from Polymer Laboratories (molecular weights between 1,280 and 629,500 g mol-1). 

 

II.4.2. Nuclear magnetic resonance spectroscopy 
1H NMR spectra were recorded on Bruker Advance DPX400 (400 MHz) spectrometer. The NMR chemical shifts were reported 

as the d scale in ppm relative to the solvent peak (d = 7.26) in CDCl3. The terms m, s, d, t, q and dd represent multiplet, singlet, 

doublet, triplet, quadruplet and doublet of doublet respectively. Coupling constants (J) are given in Hertz (Hz). 

 

II.4.3. Diameter and size distribution 
The z-average diameter and the size distribution of the nanoparticles were based on “number value”, assessed by dynamic 

light scattering (DLS) using a Nano ZetaSizer instrument (Malvern, France). The helium-neon laser (4 mW) was operated at 

633 nm and the scatter angle was fixed at 173°. The samples’ temperature was fixed between 289 K and 353 K, depending on 

the targeted reaction’s temperature. The polydispersity index of the particle size (PDI) is a measure of the broadness of the 

size distribution and it is commonly admitted that PDI values below 0.2 corresponds to monomodal distributions. [41,42] Anal-

yses of nanosuspensions size were performed by pouring dropwise 0.02 mL of the nanosuspensions into 1 mL of deionized 

water. Thirty measurements were conducted for each triplicate. 

 

II.4.4. Transmission Electron Microscopy 
To analyze the morphology and shape of the particles, cryo-transmission electron microscopy (cryo-TEM) experiments were 

performed. A 5 μL drop of the NPs suspension was deposited onto a lacey-holey carbon film (Ted Pella) freshly glow dis-

charged (Elmo, Cordouan Technologies). The grid was frozen in liquid ethane cooled by liquid nitrogen in a home-made en-

vironment-controlled machine. The grids were mounted onto a Gatan 626 cryoholder and observed in a Tecnai G2 (FEI-

Eindhoven) operating at 200 kV and the images were taken with an Eagle 2k2k ssCCD camera (FEI- Eindhoven) under low 

dose conditions. 

 

III. RESULTS AND DISCUSSIONS 
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III.1. Production of biodegradable, thermoresponsive nanoparticles 
In previous works, our team studied the influence of various process parameters on the polymeric (nano)particles size, lead-

ing to the conclusion that, in order to obtain small nanoparticles, the process time has to be long. [39,43, 44] These results were 

confirmed in this work with two nanoemulsions (Figure 2): 

- FUR: with furan-functionalized PLGA in the dispersed phase 

- MAL: with maleimide-functionalized PLGA in the dispersed phase 

Indeed, increasing the elongational-flow micromixing time from 20 to 150 min decreased the average NPs size from 

114 ± 8 nm to 27 ± 4 nm for FUR and from 121 ± 12 nm to 29 ± 4 nm for MAL. The PDI also decreased from 0.36 ± 0.05 to 

0.11 ± 0.01 for FUR and from 0.24 ± 0.04 to 0.17 ± 0.01 for MAL. 

  
Figure 2. Evolution of FUR and MAL nanoparticles size regarding to the emulsification time at a constant flow rate of 

30 mL min-1. 

 

III.2. Reversible aggregation of nanoparticles having the same size 
After validating by SEC, in solution, the formation of the Diels-Alder (DA) adduct by reaction between the furan-functionalized 

PLGA and the maleimide-functionalized PLGA (Figure S2.c), the reversible adhesion by the DA and retro-DA (rDA) reactions 

between the previously produced polymeric nanoparticles (FUR and MAL) after 120 min of emulsification has been investi-

gated (Figure 3). These nanoemulsions will be called FUR_120 and MAL_120 in the following study. 

 

   
Figure 3. Diels-Alder and retro-Diels-Alder reactions that occur at the interface between FUR_120 and MAL_120 nano-

particles. 

 

III.2.1. Reactivity study of the interfacial Diels-Alder reaction between nanoparticles 
Roucoules’ team previously proved that, on flat surfaces, the interfacial DA reaction with furan/maleimide pair occurred in 

less than five hours at room temperature due to the polymer chains confinement. [33] So, in this part the progress of the DA 

reaction between FUR_120 and MAL_120 nanoparticles has been investigated by measuring the size of the formed aggregates 

(FUR_120:MAL_120 ratio 1:1) since the formation of the adduct at the interface between co-NPs significantly increased the 

size measured by DLS. The evolution of the appearing diameter of the aggregates with the reaction time after mixing FUR_120 

and MAL_120 at various temperatures (ranging from 288 K to 313 K) is reported in Figure 4. It is noteworthy that the diam-

eter given by DLS was based on a hard sphere model but did not represent the actual shape of the aggregates. 
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Figure 4. Evolution of the measured/appearing diameter regarding to time after mixing FUR_120 and MAL_120 in water at 

different temperatures a) below 313 K and b) at 313 K. 

 

In Figure 4.a, after mixing FUR_120 and MAL_120 in water for 5 hours, the size measured by DLS reached 63 ± 6 nm at 288 K, 

106 ± 8 nm at 298 K, 220 ± 6 nm at 303 K and 165 ± 5 nm at 308 K. These results proved that the DA reaction occurred at the 

interface between FUR_120 and MAL_120, leading to their aggregation below 313 K. It is noteworthy that the curves in Figure 

4 suggested, for different temperatures, a different maximum number of particles per aggregate after 300 min of reaction. 

This most likely originated from the variation of reaction rates of the DA reaction with temperature. Indeed, all plateau values 

should be the same but were reached in a slower or faster manner depending in the reaction’s temperature. 

 

The rate law of this reaction is given in Equation 1. As a bimolecular reaction, and in accordance with the literature, the DA 

reaction had a second-order kinetics. [33,35,37] Moreover, it was assumed that the reversibility of this reaction can be neglected 

at the temperatures that have been tested (below 313 K):  

v = -d[FUR]/dt = kDA[MAL][FUR]           (1) 

with kDA the DA kinetic rate constant, [MAL] and [FUR] the surface content of dienophile and diene onto MAL_120 and 

FUR_120 NPs respectively (g L-1 nm-1). 

Since the grafting rate of furan- and maleimide-derivatives were the same (Table S1), and since FUR_120 and MAL_120 were 

introduced in the same quantity and in stoichiometric proportions, [MAL] = [FUR] at any time of the reaction. The rate law 

can thus be simplified as follows (Equation 2): 

v = kDA[FUR]²             (2) 

The surface density of the residual furan functions was related to the variation of the experimental size measurement. Indeed, 

the production of an adduct lead to the aggregation of nanoparticles. 1/[FUR] (second-order kinetics) was thus plotted versus 

the reaction time for the different temperatures and a linear dependence was observed (Figure S3), allowing the determina-

tion of DA rate constants, kDA (Table 1). 

 

Table 1. Values of Diels-Alder rate constants, kDA, determined at different temperatures. 

T (K) 288 298 303 308 

kDA x 102 (L g-1 nm s-1) 0.04 0.82 1.90 3.20 
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As expected, the values of kDA increase with the reaction temperature. The slope of the linearization plot of Arrhenius equation 

(Equation 3, Figure S4) gave an estimation of the activation energy of this reaction EaDA = 166 ± 4 kJ mol-1, which was higher 

than the interfacial DA reaction reported in the literature, between furan-functionalized flat surfaces and a maleimide-deriv-

ative in solution (Ea = 54 ± 6 kJ mol-1). [33] Indeed, due to the NPs’ Brownian motion, [45] the probability that the two reactants 

enter in contact to undergo the DA reaction was lower in our study. 

𝑘 = 𝐴𝑒−
𝐸𝑎

𝑅𝑇            (3) 

with k the reaction rate constant, Ea the activation energy, R the perfect gas constant and T the medium temperature. 

Moreover, the transition state theory enabled the calculation of thermodynamic parameters related to the formation of the 

transition state during the DA reaction between FUR_120 and MAL_120 thanks to Eyring equation (Equation 4, Figure S5): 

the enthalpy of activation was ΔH≠ = 1.81 ± 0.03 kJ mol-1 and the entropy of activation ΔS≠ was equal to -0.19 ± 0.01 kJ mol-

1 K-1. The positive value of ΔH≠ evidenced that the DA reaction was endothermic. The value of ΔS≠ shows that few increase of 

order occurred by the DA reaction, probably due to a decrease of Brownian motion by formation of aggregates. 

𝑘 =
𝑘𝐵𝑇

ℎ
𝑒−

(∆𝐻≠−𝑇∆𝑆≠)

𝑅𝑇             (4) 

with k the reaction rate constant, kB the Boltzmann constant, h the Planck constant, T the medium temperature, R the perfect 

gas constant, ΔH≠ the enthalpy of activation and ΔS≠ the entropy of activation. 

 

Interestingly, at 313 K the size increased (from 28 ± 5 nm to 105 ± 4 nm) before decreasing down to 26 ± 4 nm after 60 min 

(Figure 4.b). This effect was probably due to the retro-Diels-Alder (rDA) reaction that could not be neglected anymore above 

313 K. The first increase was probably due to the preponderant DA reaction, forming the first aggregates, immediately fol-

lowed by a partial rDA reaction. 

 

III.2.2. Reversibility of the interfacial Diels-Alder reaction between nanoparticles 
In order to confirm the previous assumption, to prove the reversibility of the particles’ bonding and to demonstrate the chem-

ical stability of the developed system, the rDA reaction was investigated before operating several DA/rDA cycles between NPs 

produced from furan- and maleimide-functionalized PLGA. In the literature, it has been proved that the interfacial rDA reac-

tion could occur between 353 K and 430 K for the furan-maleimide pair. [33,37,46] Moreover, in the previous part, the rDA reac-

tion seemed to start at 313 K In this study, the rDA reaction has thus been investigated between 313 K and 353 K (Figure 5), 

in order to avoid the degradation of PLGA due to heat.  
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Figure 5. Evolution of the measured size a) regarding to time after heating the aggregated NPs via DA reaction at various 

temperatures and b) after various DA (298 K, 2 hrs) / rDA (323 K, 1 hr) cycles. 

 

In Figure 5.a, the size measured by DLS decreased with heating time down to 22 ± 5 nm reaching pretty much the same size 

before heating (27 ± 4 nm, Figure 3). This suggests the disaggregation of the NPs aggregates due to their debonding. This 

proved that the rDA reaction occurred during that time. The plateau value around 22 nm demonstrated that the rDA reaction 

reached 100% yield at that time. The fact that the optimal rDA reaction temperature was low (323 K) may be due to the lower 

stability of the DA adduct between functional NPs than in solution or between furan-functionalized flat surfaces and a malei-

mide-derivative in solution. 

Using the same thermodynamic method than developed previously, the retro-Diels-Alder rate constants, krDA (Equation 5), 

were determined at various temperatures (Table 2). 

v = krDA[ADDUCT]             (5) 

with krDA the rDA kinetic rate constant (s-1) and [ADDUCT] the surface content of adduct (g L-1 nm-1). 

 

Table 2. Values of retro-Diels-Alder rate constants, krDA, determined at different temperatures. 

T (K) 313* 323 333 343 353 

krDA (s-1) (0.25) 0.25 1.19 2.87 4.47 

*The value at 313 K is given as an indication since the DA reaction cannot be completely neglected at that temperature. 

 

The values of krDA increase with the reaction temperature and they obey the Arrhenius law (Figure S7), allowing the estima-

tion of the activation energy of this reaction EarDA = 8.2 ± 0.2 kJ mol-1. This value was lower than the one from the interfacial 

DA reaction (EaDA = 166 ± 4 kJ mol-1), confirming that the rDA reaction was easier to carry out than the DA reaction. It thus 

proved the quite low stability of the DA adduct in the surface of NPs, maybe due to the Brownian motion of the particles, 

stretching the bonds. Moreover, the transition state theory enabled the calculation of thermodynamic parameters related to 

the formation of the transition state during the rDA reaction (Figure S8): the enthalpy of activation was ΔH≠ = 0.98 ± 0.05 

kJ mol-1 and the entropy of activation was ΔS≠ = 0.20 ± 0.02 kJ mol-1 K-1. The positive value of ΔH≠ confirmed that the rDA 

reaction was endothermic. The value of ΔS≠ shows that few increases of disorder occurred the separation of NPs from each 

other’s. 

 

Then, the reversibility of the reaction was investigated for five cooling/heating cycles performed under the optimized condi-

tions, i.e. at 298 K during 2 hrs for the DA reaction (cooling step) and at 323 K during 1 hr for the rDA reaction (heating step). 

After each step, the size of the system was characterized by DLS (Figure 5.b). After each cooling step, the size value was about 

200 nm due to covalent aggregation of the NPs. It is also interesting to observe the size decrease, down to 20 nm, after each 

heating step, corresponding to the separation of NPs aggregates via the rDA reaction. The fact that several cycles could be 

carried out indicated that the nanoparticles’ chemistry and shape were not altered. These results prove for the first time the 

perfect reversibility under mild conditions of the interfacial DA reaction in-between nanoparticles for at least five DA/rDA 

cycles.  

 

Naked-eye observation and cryo-TEM images confirmed the previous results and proved that the polymer was not degraded 

during the heating step (Figure 6). Indeed, the formation of aggregates (around 80 nm) and the whitening of the solution first 

proved the formation of covalent bonds between FUR_120 and MAL_120 by interfacial DA reaction at 298 K (Figure 6.b) and 

the further observation of isolated nanoparticles and the transparent solution then proved the debonding of FUR_120 NPs 

and MAL_120 NPs via interfacial rDA reaction at 323 K in 1 hour (Figure 6.c). 
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Figure 6. Cryo-TEM images, solution color and schematic illustration a) just after mixing FUR_120 and MAL_120 nanosus-

pensions (t = 0 min), b) after mixing FUR_120 and MAL_120 nanosuspensions at 298 K for 60 min and c) after heating (b) at 

323 K for 1 hr. In the schematic illustration, FUR_120 NPs are represented as red dots and MAL_120 NPs are represented as 

green dots. 

 

So, nanoparticles produced from furan-functionalized PLGA and maleimide-functionalized PLGA can be covalently bonded 

thanks to DA reaction at room temperature in less than 2 hrs and easily debonded thanks to rDA reaction at 323 K (reaction 

time: 1 hr). 

 

IV. CONCLUSION 
In this work, the interfacial Diels-Alder reaction as a way to reversibly bond two nanoparticles, produced from DA-reactive 

polymers, has been investigated. Assemblies made of maleimide- and furan-functionalized PLGA nanoparticles were obtained 

and their reversible aggregation was investigated, for the first time, under mild conditions (in water and with reaction tem-

peratures under 373 K). The reactivity of these DA-reactive NPs’ surfaces was then quantified by determining the kinetics 

and thermodynamic parameters (the activation energy of the reactions as well as the thermodynamic parameters associated 

to the transition states) of the interfacial DA and rDA reactions. A thorough understanding of interfacial reactivity between 

nanoparticles was consequently provided. The obtained values of activation energy of the DA reaction and of the thermody-

namic parameters associated to the transition state were different from the one in solution because of the high mobility of 

the NPs, due to their Brownian motion, limiting the probability that two appropriately oriented reactive groups meet to con-

duct the cycloaddition. The study of the interfacial reactivity of the rDA reaction, done for the first time between particles, 

proved that this reaction was easier to carry out than the DA reaction. This effect was attributed to the limited stability of the 

DA adduct at the surface of NPs. This work has highlighted that confinement effects at the surface of NPs play a significant 

role on the interfacial DA and rDA reactivity. 

The durable reversibility of the bonding/debonding process was ensured by good stability of the chemistry thanks to a mod-

erate rDA temperature (323 K). As a conclusion, the results of this study open innovative perspectives for the design of new 

smart particles. 
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