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Abstract: 

One of the most important goals in drug delivery is to carry drug molecules to their target as 

selectively and efficiently as possible. To accomplish this goal it is crucial to understand the 

interactions of carriers and their loading. The interactions between a thermoresponsive 

potential drug carrier polymer, poly(N-isopropylacrylamide) (PNIPA) and small aromatic 

probe molecules: phenol, dopamine and indole derivatives including tryptophan were studied 

by using solution-state NMR spectroscopy. These substances represent structural elements 

often found in pharmaceutically relevant compounds. The indole ring is an important part of 

biologically active natural products, it can be found in several plants and animals. To 

investigate the effect of temperature on binding and the significance of coil-to-globule 

transition, 
1
H T1 and T2 relaxation times, 

1
H one- and two-dimensional nuclear Overhauser 

effect spectroscopy (NOESY) and diffusion ordered spectroscopy (DOSY) measurements 

were carried out in D2O and organic solvents. In the case of phenol and indole derivatives a 

strong interaction was observed above the lower critical solution temperature (LCST), for it to 

be much weaker below. According to relaxation measurements only the aromatic ring of 

tryptophan is bound to the polymer. No interaction was observed between dopamine and the 

polymer. 
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Indole derivatives 

Article: 

1. Introduction 

In drug delivery there is a rapidly growing interest in carriers that are capable of 

controlled release. Compared to traditional medicine, materials with stimuli-responsive 

quality offer the opportunity to create systems which among other features can be used for 

controlled release of drugs at exact doses [1].  

Due to its thermoresponsive characteristics, poly(N-isopropylacrylamide) (PNIPA) has 

potential applications in drug delivery [2], bioengineering [3] and selective separation [4]. 

PNIPA (Fig. 1.) is biocompatible [5] and non-toxic [6, 7]. Since it was first described 50 years 

ago, many papers have been published involving PNIPA and its copolymers in application as 

gels and surface layers [8]. PNIPA has a lower critical solution temperature (LCST) of ca. 32 

°C, close to the temperature of the human body [4]. At this temperature, the reorientation of 

polymer chains occurs induced by a shift in the balance of entropic and enthalpic forces that 

govern the interaction of water with the hydrophobic (isopropyl, polymer backbone) and 

hydrophilic (amide group) sections [9-13].  

 

Fig. 1. Linear PNIPA 

The exact value of the LCST depends on several factors, e.g. molecular weight, end 

groups and can be tuned via copolymerization [14]. Studies have shown that linear PNIPA 

and lightly crosslinked gels show similar thermoresponsive characteristics [4]. The gel has a 

volume phase transition (VPT) at around the LCST of a single chain (volume phase transition 
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temperature – VPTT). At the VPTT the degree of swelling decreases drastically. Drug uptake 

and release of the gel are determined by several factors, such as the rate and degree of 

swelling of the gel, the polymer-guest interactions, and the solubility and size of the guest 

molecule [15-18]. Thus intermolecular interactions have a crucial importance on determining 

the drug release kinetics [16, 19-23]. Despite their importance, drug-polymer interactions are 

not widely investigated. The following papers report ionic, hydrophilic (H-bonding) and 

hydrophobic interactions between loaded molecules and the polymer: [16, 19, 20, 23-34] 

Several additives were found to influence the phase transition temperature of PNIPA 

[19, 24-26], indicating the presence of host-guest interaction. The binding ability of benzoates 

to PNIPA hydrogel and the corresponding linear polymer was investigated using differential 

scanning calorimetry (DSC), X-ray powder diffraction (XRD) and Fourier transform infrared 

spectroscopy (FT-IR) measurements [16].  Hydrophobic interactions were observed in case of 

various benzoates between their aromatic ring/ester side chain and the hydrophobic groups of 

PNIPA. Interactions between benzaldehyde derivatives and PNIPA were studied using 
1
H 

NMR relaxation measurements [20]. A correlation was found between the shift of the LCST 

to the lower temperature and the incorporation of the drug with the polymer. The binding of 

hydrophilic amino acids is based on hydrogen bonding [19, 28]. Phenol is bound to the 

polymer by two ways: the hydrophobic interaction between the phenyl group and the 

polymer’s isopropyl group, and the formation of hydrogen bonds between hydroxyl group and 

the polymer’s amide group [24-26]. The different effects of ortho-, para- and meta-

substitution patterns revealed the importance of hydrophilic/hydrophobic interactions in the 

conformational changes of PNIPA. The interaction is determined by the number and steric 

accessibility of the hydroxyl and the aldehyde groups [29]. Interaction of phenol/dopamine 

and PNIPA was investigated via solid-state 
1
H CRAMPS NMR method at room temperature 

[33, 34, 35]. Phenol was found to be strongly interacting with the polymer, while no 
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interaction was observed between dopamine and PNIPA. Density functional theory (DFT) 

calculations were used to define the exact conformation of the phenol-PNIPA complex.  

NMR investigations of phase transition in aqueous polymer solutions and gels have 

been reviewed by Spěváček [36]. Phase separation in aqueous polymer solutions or the 

volume phase transition in hydrogels affects NMR spectra as well as NMR relaxation times 

and diffusion coefficients. In spectra measured above LCST, a severe broadening of polymer 

signals occur caused by the decrease in mobility of polymer chains. Spin-lattice relaxation 

times T1 showed a typical liquid-like behavior below the LCST, however above the phase 

transition T1 values of the broad signal were decreasing with increasing temperature; 

identifying a solid-like state behavior [37]. In another study discontinuity in T1 values and a 

minimum of the diffusion coefficient D was observed during the phase transition [38].  

The goal of this paper was to study and understand the interaction present between 

PNIPA and several small molecules, namely: phenol, dopamine, indole, 5-aminoindole, 5-

hydroxyindole and tryptophan in solution. Phenol and its derivatives are precursors and 

intermediate of pharmaceuticals, most notably aspirin [39], thus they are widely used as 

model molecules for several small aromatic drugs [26]. Dopamine is a neurotransmitter 

present in the brain and the peripheral nervous system [40]. The interaction of phenol and 

dopamine with the polymer is known in swollen gels, the temperature dependence of the 

interaction has however not yet been studied. Indole derivatives occur widely in natural 

products, existing in different kinds of plants, animals and marine organisms. The indole core 

is a near-ubiquitous component of biologically active natural products [41]. The interaction of 

indole and the polymer has not been studied. With these small molecules the influence of 

functionalities on the interaction with PNIPA can be understood. Since their interactions with 

the hydrogel and the linear polymer are similar, the latter can be used as a model for the 

former. Solution-state NMR methods, such as spin-lattice (T1) and spin-spin (T2) relaxation 
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times, nuclear Overhauser effect spectroscopy (NOESY) and diffusion ordered spectroscopy 

(DOSY) measurements were carried out on phenol-PNIPA and dopamine-PNIPA systems. 

Measurement of T1 and NOESY were used to investigate non-covalent interactions present 

between PNIPA and indole derivatives. Changes in LCST in PNIPA – small molecule 

systems were studied via ultraviolet-visible (UV-VIS) spectroscopy. Differential scanning 

calorimetry (DSC) was used to determine changes in temperature of VPT of PNIPA hydrogel 

swollen in the presence of small molecules. 
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2. Experimental 

2.1. Synthesis of linear and crosslinked PNIPA 

N-isopropylacrylamide (NIPA, 97%, Sigma-Aldrich) was recrystallized twice from 

hexane. 1-propanethiol (99%, Sigma-Aldrich) was used without further purification. 

2,2′Azoisobutyronitrile (AIBN, 98%, Sigma-Aldrich) was recrystallized twice from methanol. 

Tetrahydrofuran (THF, >99%, Molar Chemicals) and 1,4-dioxane (>99%, Molar Chemicals) 

was refluxed from LiAlH4 and was used after distillation under nitrogen. Diethyl ether (>99% 

Molar Chemicals) was used without further purification. Poly(N-isopropylacrylamide) PNIPA 

was sythesized by chain transfer radical polymerization (CTRP). NIPA and the AIBN were 

added in a round button flask and were degassed by bubbling argon for 20 min. Deoxygenated 

dioxane and 1-propanethiol (CTA) were added to the system. The NIPA:CTA molar ratio was 

50:1. The reaction mixture was heated to 65 ºC and after 6 hours the polymer was terminated 

with air and cooled to RT, then precipitated twice by addition of diethyl ether and filtered. 

The precipitation and filtration process was repeated. After that the product was dried in 

vacuum at 60 ºC until constant mass was obtained. The yield of the reaction was 74.8 % with 

a number average molecular weight (Mn) of 5.5 kg mol
-1

 and polydispersity a (PDI), Mw/Mn 

of 1.7, measured by a gel permeation chromatographic (GPC) equipped with a Waters 515 

HPLC pump, and Mixed C separation columns (see SI, Fig. S1.). THF was used as eluent 

with a flow rate of 1 ml min
-1

. The molecular weight was determined on the basis of 

calibration with polystyrene standards of narrow molecular weight distribution. 

The PNIPA polymer gel was synthesized from N-isopropylacrylamide (NIPA) 

monomer (>98%, Tokyo Chemical Industry, Japan) and N,N’-methylenebisacrylamide (BA) 

cross-linker (99%, Sigma Aldrich) in aqueous medium at 20 °C by free radical 

polymerization. The reaction was initiated by ammonium persulphate (>98% APS, Sigma 

Aldrich) and N,N,N’,N’-tetramethylethylenediamine (~99%, TEMED, Fluka). For the 
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synthesis of a pure PNIPA gel with a cross-linking ratio [NIPA]/[BA] = 150, 18.75 ml of a 1 

M aqueous solution of NIPA and 1.225 ml of a 0.1 M solution of BA were mixed with 4.9 ml 

of water and 25 ml of TEMED. Finally, 1.25 ml of a 10 w/w% solution of APS was added to 

the mixture, and polymerization took place at 20 °C. Films of 2 mm thickness were prepared. 

All chemicals were used as received, except NIPA, which was recrystallized from a toluene–

hexane mixture. Doubly distilled water was used for the synthesis and purification. 

2.2. Materials 

Phenol, dopamine, indole and tryptophan were purchased from Sigma-Aldrich, 5-

aminoindole, and 5-hydroxyindole were purchased from Apollo, their purity was ≥ 98%. 

 Deuterium oxide and (dimethyl sulfoxide)-d6 were purchased from Sigma Aldrich, 

they contained 99.9 atom% D. Methanol-d4 was purchased from Cambridge Isotope 

Laboratories containing 99.96% D. 

2.3. NMR instrumentation and experimental details 

 For relaxation measurements of phenol and dopamine a narrow bore Varian NMR 

SYSTEM spectrometer operating at 400 MHz (Larmor frequency of 
1
H) was used, equipped 

with an inverse two channel HX probe. For relaxation measurements of indole and its 

derivatives, and for all one and two-dimensional NOESY and DOSY measurement a Varian 

NMR SYSTEM spectrometer operating at 600 MHz (Larmor frequency of 
1
H) was used, 

equipped with an inverse three channel HCX probe. The spectrometer was equipped with a Z 

direction gradient of 65 Gauss/cm. 

 Pulse sequences from Varian’s VnmrJ 4.0 software were used without modification. 

Inversion recovery (Invrec) for spin-lattice relaxation, Carr-Purcell-Meiboom-Gill (CPMGT2) 

for spin-spin relaxation, double pulsed-field-gradient echo (DPFGE) NOESY (NOESY1D) 

for selective one-dimensional NOE, NOESY for two-dimensional NOE, convection 

compensated bipolar pulse pair stimulated echo, Dbppste_cc for DOSY measurements. The 
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sample was temperature-controlled by heated airflow with an accuracy of 0.1 K. The samples 

were equilibrated at all temperatures for at least 30 minutes before the measurements. All 

temperature dependent measurements were performed starting from the lowest temperature to 

avoid differences in LCST because of hysteresis [42]. Details of NMR pulse sequences can be 

found in Supporting Information (SI). 

2.4. Determination of LCST via UV-VIS spectroscopy 

 UV-VIS transmittance of the PNIPA-containing systems at 488 and 532 nm were 

measured with a Jasco V-650 spectrometer equipped with Jasco MCB-110 mini Circulation 

Bath and Peltier thermostat (See SI, Fig. S2.). The value of LCST was determined as the 

average of the inflection point of the measured curves at the two wavelengths. Measurements 

were taken between 15 and 45 °C, incrementing the temperature 0.2 °C steps at a rate of 0.2 

°C min
-1

. There was a 5 minute delay before every acquisition. 

2.5. DSC measurements 

Differential scanning microcalorimetry (MicroDSC) measurements were made on ground 

samples using a MicroDSCIII apparatus (SETARAM, France). About 10 mg of dry gel 

sample were placed in contact with 500 ml of Millipore water, and the solutions of small 

molecules (concentrations are in Table 1.) and kept at the initial temperature for 2 hours to 

allow the gels to equilibrate in the swollen state and to obtain a stable baseline. The samples 

were heated with a 0.03 ˚C min
-1

 scanning rate. The measurements were performed in the 10 

to 50 ˚C temperature range. Determination of the peak position of the volume phase transition 

were performed using instrument software. 
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3. Results and discussion 

3.1. LCST and VPTT values measured by UV-VIS spectroscopy and DSC 

 LCST values of PNIPA with and without the presence of small molecules were 

determined by UV-VIS spectroscopy, presented in Table 1. The polymer solution was 

additionally measured without the probe molecules in H2O and D2O. A ca. 1 °C difference 

was observed between the transition temperatures of the two systems. Transmittance of every 

PNIPA-small molcule system was measured in H2O, however NMR measurements were 

taken in D2O, thus it can be assumed that the coil-to-globule transition occured ca. 1 °C 

higher within the NMR samples. The results show that dopamine and tryptophan have no 

effect on the LCST of PNIPA; 5-aminoindole presented a slight decrease, while phenol, 

indole and 5-hydroxyindole significantly decreased the LCST of PNIPA, indicating the 

presence of strong intermolecular interactions. DSC measurements of the hydrogel swollen in 

H2O with and without the presence of indoles (Table 2.) show similar tendencies, however 

changes of VPTT are less drastic. Thus NMR measurements of the linear PNIPA in solution 

can be used as a model for the hydrogel to study the present interactions with the small 

molecules, which can help to predict the release kinetics of drugs in future application. 

System 
ρpolymer 

(mg/ml) 
csmall molecule 

(μmol/ml) 
nsmall molecule: 

npolymer 
LCST 

(°C) 

PNIPA - D2O 4.3 - 
 

34.1 

PNIPA - H2O 4.3 - 
 

33.4 

PNIPA - indole 4.3 20 1:2 22.5 

PNIPA - 5-aminoindole 4.3 20 1:2 31.6 

PNIPA - 5-hydroxyindole 4.3 20 1:2 23.7 

PNIPA - tryptophan 4.3 20 1:2 33.4 

PNIPA - phenol 14.3 30 1:4 25.5 

PNIPA - phenol 2.9 30 1:1 27.5 

PNIPA - dopamine 14.3 30  1:4 34.0 

Table 1. LCST value of the polymer in the different systems measured by UV-VIS 

spectroscopy. Concentration and molar ratio of the small molecules and PNIPA 
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System TVPT (°C) 

PNIPA gel 33.9 

PNIPA gel - indole 29.8 

PNIPA gel - 5-aminoindole 32.2 

PNIPA gel - 5-hydroxyindole 28.2 

PNIPA gel - tryptophan 34.0 

Table 2. Temperature of the volume phase transition (VPT) of PNIPA gel ([NIPA]/[BA] = 

150) measured by DSC 

 

3.2. Temperature dependence of binding of phenol and dopamine to PNIPA 

 One of the advantages of NMR spectroscopy is that the dynamics of the model 

molecule and the polymer can be observed separately [43, 44]. The purpose of the following 

NMR measurements was to study the effect of temperature and coil-to-globule transition on 

the strength and quality of the interaction between phenol/dopamine and PNIPA.  

The fraction (p) of phase separated units of PNIPA can be determined from the relation [45]: 

            (1) 

where I and I0 are the integrated intensities of the polymer CH3 signal below (25 °C) and 

above (45 °C) LCST, respectively. According to 
1
H onepulse spectra p = 0.79 (referenced to 

dopamine) in this case, meaning that 21 % of the polymer do not participate in the transition 

and can be directly detected above the LCST in high-resolution NMR spectra.  

Relaxation times are related to motional correlation times (τc), thus they provide 

information about the dynamics of small molecules. NMR relaxation measurements show all 

NMR active nuclei – all 
1
H in this case – separately, thus the binding of the small molecules 

can be described in more detail. The timescale of molecular events that can be monitored by 

the longitudinal relaxation time (T1) are in the order of the reciprocal of the resonance 

frequency (2πγ)
-1

, and with present day spectrometers include times around nanoseconds, 

while CPMG sequence (T2) gives information in the µs‐ms range.  Relaxation measurements 
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were focusing on the small molecules in this study. Differences in T1 and T2 relaxation time of 

the model molecules in polymer-free and polymer-containing solutions can be a proof of the 

interaction. The measured relaxation rate (    
  ) is the weighted average of the relaxation rates 

of free (    
  ) and bound (    

  ) guest molecule [46]: 

    
           

          
    (2) 

where XF and XB are the mole fractions of the free and bound form, respectively. Temperature 

dependence of T1 relaxation times of phenol in D2O and polymer-containing solutions are 

shown in Fig. 2. 

 

Fig. 2. Temperature dependence of T1 relaxation time of the three 
1
H nuclei of phenol 

between 20 and 40 °C, (-□- phenol in D2O, -■- phenol in PNIPA-containing solution).  The 

range between the maximum and minimum transmittance measured by UV-VIS spectroscopy 

is highlighted in blue. The measured intensities show monoexponential decay. The fitting 

errors of T1 relaxation times are less than ± 0.06 s. 

 

The transition temperature of the polymer is ca.26.5 °C in the presence of phenol. Below the 

LCST, there is a slight decrease of phenol’s T1 in the polymer-containing solution compared 

to phenol in D2O. This difference is the least exactly at the LCST. However, above the LCST 

the difference is more significant. The T1 of phenol in the presence of the polymer further 
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decreases with increasing temperature. This can be attributed to the increasing amount of 

interacting phenol. Because of the different timescale of motions responsible for spin-spin 

(T2) relaxation, fitting a single exponential decay to the experimental data gave systematic 

errors. Thus biexponential was fitted giving a smaller and a higher T2 value of phenol in 

polymer-containing system. The shorter one being within the range of the T2 of the polymer, 

while the longer one between the polymer’s and free phenol’s (Fig. 3.). 

 

Fig. 3. Temperature dependence of T2 relaxation time of 
1
H nuclei of phenol. Biexponential 

was fitted to the experimental data of phenol-PNIPA solution. -●- longer T2 of phenol (from 

biexponential fit) in PNIPA-containing solution, -■- shorter T2 of phenol ( from biexponential 

fit) in PNIPA-containing solution, -□- phenol in D2O, -■- PNIPA in D2O (at higher 

temperatures T2 values of PNIPA correspond only to the fraction which is not involved in the 

transition). The fitting errors of T2 relaxation times are less than ± 0.12 s. 

 

Hofmann et al. [20] distinguished three possible sites of salicylaldehide in presence of 

PNIPA: completely incorporated, completely free and loosely bound. The latter is in fast 

exchange with the completely free species. Relaxation measurements show that in case of 

phenol the same three sites exist. T2 which is in the range the polymer’s T2 can be attributed to 

completely bound site, which presents a slight increase from 7 to 14 % between 20 and 40 °C. 

The higher T2 value is the weighted average of completely free and loosely bound sites. From 
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these results it also can be concluded, that the amount of loosely bound phenol decrease at the 

coil-to-globule transition and increases above it with rising temperature. Based on relaxation 

measurements phenol is weakly bound below the LCST – the interaction is weakest at the 

LCST – and more strongly above it with increasing temperature. Temperature dependence of 

T1 relaxation time of dopamine in D2O, with and without the presence of the polymer can be 

seen in Fig. 4. There is no difference in T1 relaxation times of dopamine in the two systems, 

showing the absence of interaction in the temperature range of measurements. Both T1 and T2 

relaxation times depend on viscosity. Measurements were taken in dilute solutions (their 

concentrations can be seen in Table 1.) where the molar ratio of the water/monomer units was 

ca. 400. According to relaxation times of dopamine in polymer-containing and polymer-free 

solution, precipitation of the polymer above the LCST does not alter the viscosity. 

 

Fig. 4. Temperature dependence of T1 relaxation times of the 
1
H nuclei of dopamine in D2O 

with (filled squares) and without (empty squares) the presence of the polymer 

 

DOSY measurements were taken at several temperatures between 20 and 45 °C. The 

relationship between the measured diffusion coefficient (D), and the size (r – radius of a 

spherical particle) can be given by the Einsten-Stokes equation: 

   
   

    
  (3) 
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where kb is the Boltzmann constant, T is the temperature and η is the dynamic viscosity. 

Similarly to relaxation rates, the observed D is the weighted average of free and bound 

molecules: 

                                       (4) 

Changes in the size of the small molecule after adding PNIPA to the system can only be 

attributed to its interaction with the polymer, as viscosity does not change significantly. There 

is a decrease of Dphenol after adding PNIPA to the system (monomer:phenol 1:1), while 

Ddopamine does not differ in the polymer-free and polymer containing systems (Fig. 5.). Dphenol 

increases with increasing temperature in both systems (D and T are directly proportional, eq. 

3). However, the slope of the line is smaller in case of the polymer-containing system because 

of the change of r, which proves the interaction. This correlates well with the result of 

relaxation measurements; more phenol is bound to the polymer with increasing temperature, 

while dopamine does not interact with PNIPA in the measured temperature range. 
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Fig. 5. Results of 
1
H DOSY measurements: temperature dependence of D of a, phenol; b, 

dopamine in polymer-free (-●-) and polymer-containing (-■-) systems. Increase in size is 

indicated by the blue arrow. Fitting errors are shown by error bars.  

 

Two-dimensional NOESY spectra were measured below and above the LCST (20 and 

35 °C). Above the transition temperature cross peaks appear between the three protons of the 

phenol ring and the isopropyl protons of the polymer, which indicates the two nuclei are close 

in space (Fig. 6.). Below and around the transition temperature no cross peaks appear, likely 

due to the small concentration of bound phenol. 
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Fig. 6.: 
1
H NOESY spectra of phenol in D2O in the presence of PNIPA at 20 °C (left) and 35 

°C (right). Red circles indicate the absence, green circles the presence of intermolecular cross 

peaks. NOESY spectrum at 27 °C is identical to the one at 20 °C. At 35 °C NOESY cross 

peaks (green) correspond only to the fraction of the polymer which is not precipitated. 

 

3.3. Binding of indole and its derivatives to PNIPA below and above LCST 

Based on measurements of phenol and dopamine in the presence of PNIPA it was 

concluded that measuring spin-lattice relaxation time is the most suitable technique to study 

non-covalent interaction in these systems, since it is fast and sensitive.  The binding of indoles 

to the polymer below and above the coil-to-globule transition were qualitatively studied at 20 

and 40 °C respectively. The interactions between indoles and PNIPA were also investigated 

via one dimensional selective NOESY measurements at the same temperatures to corroborate 

the results with an independent method. 
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In case of indole there is no difference in T1 relaxation time of the 
1
H nuclei in 

polymer-free and in polymer-containing solution within error at 20 °C (Fig. 7.), showing the 

absence of intermolecular interactions (
1
H attached to the nitrogen cannot be seen in D2O). 

Above the LCST there is however a significant decrease in the spin-lattice relaxation time in 

the presence of PNIPA (Fig. 7.). This indicates that indole is strongly bound to the polymer. 

Selectively exciting the methyl group of the polymer below the transition temperature, no 

signal of indole in NOESY spectrum can be seen (Fig. 8.). In case of the two substituted 

indoles (5-aminoindole and 5-hydroxyindole) even below the transition temperature, a small 

decrease occurred in T1 in the presence of the polymer compared to the polymer-free solution 

(Fig. 7.), above the LCST show similar behavior to indole, both were strongly bound to the 

polymer, similarly to indole. Despite their different influence on the LCST value of PNIPA 

shown by UV-VIS and DSC investigations, similar strength of host-guest interaction have 

been found in case of the amino and hydroxyl derivatives of indole according to NMR 

relaxation measurements. Adding a hydroxyl or amino group to the indole core makes the 

interaction with the polymer stronger below the coil-to-globule transition resulting in a lower 

LCST than of the pure PNIPA. The transition temperature is higher than in the case of 

PNIPA-indole system which can be related to the presence of H-bond acceptor groups. Signal 

of the two substituted indoles appear in selective 1D NOESY spectrum below the transition 

temperature (Fig. 8.), as was expected based on relaxation measurements. In case of the 

amino acid tryptophan there are no change in T1 relaxation time in polymer-containing system 

compared to the polymer-free one under the LCST and only small decrease above it, 

attributed to the weak tryptophan-polymer interaction. Only the aromatic protons present a 

decreased T1 above LCST, indicating an interaction between the polymer and the indole ring. 

T1 of the aliphatic protons behaved in a similar manner to the PNIPA-free system as they did 

not change while the indole core interacted with the polymer. Selectively irradiating the 
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methyl protons of the polymer, no intermolecular NOE signals of tryptophan protons can be 

seen below the transition temperature (Fig. 8.). Above the LCST all four indoles gave 

intermolecular NOE signals. 
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Fig 7. T1 relaxation times of the 
1
H nuclei of indole, 5-hydroxyindole, 5-aminoindole 

and tryptophan in D2O (empty circles) and in PNIPA-containing solutions (filled circles), 

below (blue) and above (red) the LCST  
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Fig. 8.: Selective one-dimensional DPFGSE NOESY spectra of polymer-containing 5-

hydroxyindole, 5-aminoindole, indole and tryptophan solution at 20 °C (below the LCST). 

Irradiating the methyl group of the polymer at 1 ppm, intermolecular NOE peaks can be 

detected in the case of 5-amino- and 5-hydroxyindole (indicated with green circles), however 

there are no such peaks in the case of indole and tryptophan (indicated with red circles). 

 

Interaction between PNIPA and tryptophan were also studied in two organic solvents: 

(dimethyl sulfoxide)-d6 and methanol-d4. Spectra were recorded at the same temperature as in 

D2O, except in (dimethyl sulfoxide)-d6 (25 °C instead of 20 °C). In the two organic solvents 

where the phenomenon of coil-to-globule transition does not exist, no difference can be seen 

between chemical shifts and T1, and T2 relaxation times of tryptophan in polymer-containing 

and polymer- free solutions, which implies the role of water in the binding process. Irradiating 

the methyl signal of PNIPA side chains, no intermolecular NOE peaks of tryptophan can be 

seen, identifying the absence of interactions between the polymer and tryptophan in non-

aqueous solutions.   
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4. Conclusions: 

1
H spin-lattice (T1) and spin-spin (T2) relaxation, NOESY and DOSY NMR methods 

were used to determine and characterize interactions between small molecules: phenol, 

dopamine, indole, 5-hydroxyindole, 5-aminoindole, tryptophan and a thermoresponsive 

polymer, PNIPA. The LCST values of the polymer in the presence of these guest molecules 

were determined by UV-VIS spectroscopy. Significant decrease in the transition temperature 

in the case of phenol, indole, 5-hydroxyindole and moderate in the case of 5-aminoindole 

implied the presence of host-guest interaction with the polymer.  

The results of relaxation and NOESY measurements consequently revealed a strong 

interaction between the polymer and phenol above the LCST. Temperature dependence of T1 

and T2 relaxation times identified the amount of the interacting phenol, which was minimum 

at the LCST and increased with increasing temperature above it. Three sites were found for 

phenol molecules: i) strongly bound ca. 7-14 %, slightly increasing with increasing 

temperature, ii) loosely bound and iii) completely free sites. Dopamine showed no interaction 

with PNIPA at the measured temperature range. Value and temperature dependence of 

diffusion coefficients (D) of phenol and dopamine confirms the results of relaxation 

measurements. The different behavior of the two guest molecules can be attributed to the fact 

that dopamine has two hydroxyl and one amino group capable of hydrogen bonding compared 

to phenol which only has one. Thus dopamine-dopamine interactions are more favorable than 

dopamine-PNIPA, while phenol-PNIPA is strong particularly above the LCST. 

Indole interacts with the polymer only above the temperature of the coil-to-globule 

transition, which is shifted to lower temperature (22.5 °C instead of 33.4 °C). The two 

substituted indoles, 5-hydroxyindole and 5-aminoindole showed similar behavior to indole, 

however there was a weak interaction with the polymer even below the transition temperature. 

The LCST was shifted to lower temperature in the presence of the two substituted indoles too, 
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but it was higher than in the case of the PNIPA-indole system. Although the two indoles 

showed different behavior according to UV-VIS measurements, they behaved similarly at 20 

and 40 °C shown by NMR relaxation studies. Amino and hydroxyl groups differently change 

the hydrophilic – hydrophobic character of the polymer when bound, resulting in different 

LCST values, however the strength and quality of the interaction of the indole core and the 

polymer is similar in case of both molecules at these two temperatures. Adding an H-bond 

donor and acceptor group such as hydroxyl or amino, thus making the small molecule more 

hydrophilic promoting an interaction with the polymer below the transition temperature. 

Tryptophan was interacting weakly with the polymer and only above the LCST. Spin-lattice 

relaxation times (T1) showed that only the indole ring interacts with the polymer, while the 

aliphatic amino acid part behaved similarly to polymer-free solutions. The absence of 

interaction between the amino acid part and the polymer explains the smaller effect of 

tryptophan on the LCST of PNIPA. More specific knowledge is provided by NMR relaxation 

measurements about the nature of host-guest interactions and the role of functional groups in 

case of indole derivatives. 

VPTT of the hydrogel in the presence of indole derivatives showed similar tendencies 

to the LCST of the linear polymer, confirming that the latter is a useful model of the former. 

In this way the explored interactions in the solution state can be used to predict release 

kinetics of the hydrogel, which is important in future applications. 
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The supplementary material contains the details of the applied NMR pulse sequences, the gel 

permeation chromatogram of the synthesized linear PNIPA and the measured UV-VIS 

transmittance curves of all small molecule-PNIPA systems. 

 

References: 

 [1] T. Sun, Y. S. Zhang, B. Pang, D. C. Hyun, M. Yang, and Y. Xia, Engineered 

nanoparticles for drug delivery in cancer therapy, Angew. Chemie Int. Ed. 53 (2014) 12320–

12364 

[2] C.M. Nolan, L.T. Gelbaum, L.A. Lyon, 1H NMR investigation of thermally triggered 

insulin release from poly(N-isopropylacrylamide) microgels,  Biomacromolecules 7 (2006) 

2918–2922. 

[3] S. Kulkarni, C. Schilli, A.H.E. Muller, A.S. Hoffman, P.S. Stayton, Reversible meso-scale 

smart polymer--protein particles of controlled sizes,  Bioconjugate Chem. 15 (2004) 747–753. 

 [4] H.G. Schild, Poly(N-isopropylacrylamide): experiment , theory and application Prog. 

Polym. Sci. 17 (1992) 163–249. 

[5] Z. Guo, S. Li, C. Wang, J. Xu, B. Kirk, J. Wu, Z. Liu, W. Xue, Biocompatibility and 

cellular uptake mechanisms of poly(N-isopropylacrylamide) in different cells, J. Bioact.  

Compat. Pol. 32 (2017) 17-31. 

[6] H. Malonne, F. Eeckman, D. Fontaine, A. Otto, L. D. Vos, A. Moes, J. Fontaine, K. 

Amighi, Preparation of poly(N-isopropylacrylamide) copolymers and preliminary assessment 

of their acute and subacute toxicity in mice, Eur. J. Pharm. Biopharm. 61 (2005) 188–194. 

[7] G. Hsiue, S. Hsu, C. Yang, S. Lee, I. Yang, Preparation of controlled release ophthalmic 

drops, for glaucoma therapy using thermosensitive poly-N-isopropylacrylamide , Biomaterials 

23 (2002) 457−462. 

[8] M. Heskins, J.E. Guillet, Solution Properties of Poly(N-isopropylacrylamide), J. 

Macromol.  Sci. 2 (1968) 1441. 



25 

 

 [9] C.C. Lin, A.T. Metters, Hydrogels in controlled release formulations: Network design and 

mathematical modeling, Adv. Drug Deliv. Rev. 58 (2006) 1379–1408. 

[10] J.S. Scarpa, D.D. Mueller, I.M. Klotz, Slow Hydrogen-Deuterium Exchange In A Non-

Alpha-Helical Polyamide, J. Am. Chem. Soc. 89 (1967) 6024−6030. 

[11] X.H. Cheng, H. E. Canavan, M.J. Stein, J.R. Hull, S.J. Kweskin, M.S. Wagner, G.A. 

Somorjai, D.G. Castner, B.D. Ratner, Surface chemical and mechanical properties of plasma-

polymerized N-isopropylacrylamide. Langmuir 21 (2005) 7833−7841. 

[12] T. Miyamae, H. Akiyama, M. Yoshida, N. Tamaoki, N., Characterization of poly(N-

isopropylacrylamide)-grafted interfaces with sum-frequency generation spectroscopy. 

Macromolecules 40 (2007) 4601−4606. 

[13] D. Schmaljohann, Thermo- and pH-responsive polymers in drug delivery. Adv. Drug 

Delivery Rev. 58 (2006) 1655−1670. 

[14] D.L.H.C. Alarcon, S. Pennadam, C. Alexander,  Stimuli responsive polymers for 

biomedical applications, Chem. Soc. Rev. 34 (2005) 276–285. 

[15] R.G. Sousa, A. Prior-Cabanillas, I. Quijada-Garrido, J.M.J. Barrales-Rienda, Dependence 

of copolymer composition, swelling history, and drug concentration on the loading of 

diltiazem hydrochloride (DIL.HCl) into poly[(N-isopropylacrylamide)-co-(methacrylic acid)] 

hydrogels and its release behaviour from hydrogel slabs, J. Control. Release 102 (2005) 595–

606. 

[16] D.C. Coughlan, O.I. Corrigan, Drug–polymer interactions and their effect on 

thermoresponsive poly(N-isopropylacrylamide) drug delivery systems,  Int. J. Pharm. 313 

(2006) 163–174. 

[17] G. Fu, W.O. Soboyejo, Investigation of swellable poly (N-isopropylacrylamide) based 

hydrogels for drug delivery, Mater. Sci. Eng. C 31 (2011) 1084–1090. 



26 

 

[18] N.H. Abu Samah, C.M. Heard, Enhanced in vitro transdermal delivery of caffeine using 

a temperature- and pH-sensitive nanogel, poly(NIPAM-co-AAc). Int. J. Pharm. 453 (2013) 

630–640. 

[19] H. Bianco-Peled, S. Gryc, Binding of Amino Acids to “Smart” Sorbents:  Where Does 

Hydrophobicity Come into Play?, Langmuir 20 (2004) 169–174. 

[20] C.H. Hofmann, M. Schönhoff, Dynamics and distribution of aromatic model drugs in the 

phase transition of thermoreversible poly(N-isopropylacrylamide) in solution, Colloid Polym. 

Sci. 290 (2012) 689–698. 

[21] C.V. Subbarao, I.P.K. Chakravarthy, V.S.L. Sai Bharadwaj, K.M.M. Prasad,  Functions 

of Hydrotropes in Solutions, Chem. Eng. Technol. 35 (2012) 225–237. 

[22] M.H. Hatzopoulos, J. Eastoe, P.J. Dowding, S.E. Rogers, R. Heenan, R. Dyer, Effects of 

structure variation on solution properties of hydrotropes: phenyl versus cyclohexyl chain tips, 

Langmuir 26 (2012) 9332-9440. 

[23] D.C. Coughlan, F.P. Quilty, O.I. Corrigan, Effect of drug physicochemical properties on 

swelling/deswelling kinetics and pulsatile drug release from thermoresponsive poly(N-

isopropylacrylamide) hydrogels, J. Control. Release 98 (2004) 97–114. 

[24] S. Koga, S. Sasaki, H. Maeda, Effect of Hydrophobic Substances on the Volume-Phase 

Transition of N-Isopropylacrylamide Gels, J. Phys. Chem. B 105 (2001) 4105–4110. 

[25] S. Koga, T. Kawashima, S. Sasaki, Elastic Relaxation of Collapsed 

Poly(alkylacrylamide) Gels and Their Complexes with Phenol, J. Phys. Chem. B 108 (2004) 

10838–10844. 

[26] T. Kawashima, S. Koga, M. Annaka, S.J. Sasaki, Roles of Hydrophobic Interaction in a 

Volume Phase Transition of Alkylacrylamide Gel Induced by the Hydrogen-Bond-Driving 

Alkylphenol Binding, Phys. Chem. B 109 (2005) 1055–1062. 



27 

 

 [27] T. Yakushiji, K. Sakai, A. Kikuchi, T. Aoyagi, Y. Sakurai, T. Okano, Effects of Cross-

Linked Structure on Temperature-Responsive Hydrophobic Interaction of Poly(N-

isopropylacrylamide) Hydrogel-Modified Surfaces with Steroids, Anal. Chem. 71 (1999) 

1125–1130. 

[28] S. Miyagishi, M. Takagi, S. Kadono, A. Ohta, T. Asakawa, Effect of amino acid 

surfactants on phase transition of poly(N-isopropylacrylamide) gel, J. Colloid Interface Sci. 

261 (2003), 191–196. 

[29] D. Dibakar, P.R. Chatterji, Effect of Hydrotropes on the Volume Phase Transition in 

Poly(N-isopropylacrylamide) Hydrogel, Langmuir 15 (1999) 930–935. 

[30] L.C.C. Elliott, B. Jing, B. Akgun, Y. Zhu, P.W. Bohn, S.K. Fullerton-Shirey, Loading 

and Distribution of a Model Small Molecule Drug in Poly(N‑isopropylacrylamide) 

Brushes: a Neutron Reflectometry and AFM Study, Langmuir 29 (2013) 3259-3268. 

[31] X.R. Mua, J.G. Tong, Y.L., X.Y. Liu, H.J. Liu, Y. Chen, Influence of aliphatic acids on 

the phase transition of thermoresponsive hyperbranched polymer, Polymer 54 (2013) 2341-

2346. 

[32] K. Kosik, E. Wilk, E. Geissler, K. László, Distribution of phenols in thermoresponsive 

hydrogels, Macromolecules 40 (2007) 2141–2147. 

[33] A. Domján, E. Geissler, K. László, Phenol–polymer proximity in a thermoresponsive gel 

determined by solid-state 
1
H–

1
H CRAMPS NMR spectroscopy, Soft Matter 6 (2010) 247–

249.  

[34] A. Dom  n, E. Manek, E. Geissler, K.   szl , Host−Guest Interactions in 

Poly(N‑isopropylacrylamide) Hydrogel Seen by One- and Two-Dimensional 1H CRAMPS 

Solid-State NMR Spectroscopy, Macromolecules 46 (2013) 3118-3124. 

[35] K. László, E. Manek, S. Vavra, E. Geissler, A. Domján, Host-Guest Interactions in 

Poly(N-isopropylacrylamide) Hydrogels, Chem Lett. 41 (2012) 1055-1056. 



28 

 

[36] J. Spěv ček,  NMR investigations of phase transition in aqueous polymer solutions and 

gels, Curr. Opin. Colloid Interface Sci. 14 (2009) 184-191. 

[37] T. Tokuhiro, T. Amiya, A. Mamada, T. Tanaka, NMR Study of Poly(N-

isopropylacrylamide) Gels near Phase Transition,  Macromolecules 24 (1991) 2936-2943. 

[38] F. Tabak, M. Corti, L. Pavesi, A. Rigamonti, Nuclear magnetic resonance relaxation of 

polyacrylamide gels around the collapse transition, J Phys C Solid State Phys 20 (1987) 

5691–701. 

[39] G. Pan, K.I. Kurumada, Hybrid gel reinforced with coating layer for removal of phenol 

from aqueous solution, Chem. Eng. J. 138 (2008), 194–199. 

[40] Y. Wu, Z. Dou, Y. Liu, G. Lv, T. Pu, X. He, Dopamine sensor development based on the 

modification of glassy carbon electrode with β-cyclodextrin-poly(N-isopropylacrylamide), 

RSC Adv. 3 (2013) 12726–12734. 

[41] M. Zhang, Q. Chen, G. Yang, A review on recent developments of indole-containing 

antiviral agents, Eur. J. Med. Chem. 89 (2015) 424-441. 

[42] H. Cheng, L. Shen, C. Wu, LLS and FTIR studies on the hysteresis in association and 

dissociation of poly(N-isopropylacrylamide) chains in water, Macromolecules 39 (2006) 

2325-2329. 

[43] H. Ohta, I. Ando, S. Fujishige, K. Kubota, Molecular motion and 1H NMR relaxation of 

aqueous poly(N-isopropylacrylamide) solution under high pressure, J. Polym. Sci. B-Polym 

Phys. 29 (1991) 963–968. 

[44] L. Hanykov , J.  abuta, J. Spěvaček, NMR study of temperature-induced phase 

separation and polymer–solvent interactions in poly(vinyl methyl ether)/D2O/ethanol 

solutions, Polymer 47 (2006) 6107–6116.ű 

[45] J. Spěv ček, B. Schneider, Aggregation of stereoregular poly(methyl methacrylates) , 

Adv. Colloid. Interfac. 27 (1987) 81-150. 



29 

 

[46] J. Spěv ček, M. Suchopárek, NMR Evidence for Polymer/Solvent Complexes in 

Thermoreversible Gels, Macromolecules 30 (1997) 2178-2181. 


