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Abstract 

Double hydrophilic thermo-responsive pullulan-g-poly(N-isopropylacrylamide) (P-g-pNIPAM) 

copolymers with two different molecular weight of thermosensitive grafts were synthesized and 

used for preparation of indomethacin-loaded nanoparticles by dialysis and nanoprecipitation 

method. The polymers form aggregates in aqueous solution at a concentration of 10 g/L, above their 

critical aggregation concentration (3.36 g/L) and below the lower critical solution temperature 

(LCST). After indomethacin loading, nanoparticles with compact and uniform structure were 

formed below the LCST. The effects of copolymer composition, concentration, and the feed 

polymer/drug ratio on the particle size, drug loading content (DLC) and entrapment efficiency (EE) 

were investigated. DLC increased with drug feeding, reaching a maximum value of 40 % at the 

ratios of 1/1.  Smaller particles (145 nm) with narrower size distribution were obtained from 

polymer with a higher molecular weight of pNIPAM grafts. 

 FT-IR and 1H-NMR spectra proved that the main driven force for the aggregation was the 

hydrogen bonding between indomethacin and the pNIPAM side chains of copolymer.  

The indomethacin release rate from nanoparticles was influenced by temperature, because of the 

dissociation of the hydrogen bonds at high temperatures, the degree of drug loading, and the pH of 

the release media. 

 

 

Keywords: Pullulan; poly(N-isopropylacrylamide); indomethacin; nanoparticles; graft copolymers; 

drug release. 
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1. Introduction 

Over the past years, polymeric micelles with core-shell morphology have been gained much 

attention for their potential application in the field of drug delivery [1]. Nanoparticles obtained by 

self-assembly of amphiphilic [2-4] or double-hydrophilic copolymers [5, 6] are effective and 

efficient carriers for hydrophobic and poorly water-soluble drugs which can be entrapped by 

hydrophobic, hydrogen-bonding or electrostatic interactions. The micellization of these copolymers 

can be controlled by changes in the temperature, pH, ionic strength, etc. when one of the polymeric 

chains may undergo a phase transition from hydrophilic to hydrophobic state. Also, guest molecules 

that interact with the polymer segments can be used to trigger micellization [7-10]. 

In recent years, researchers are interested in smart drug delivery systems that are able to release the 

therapeutic payload on demand. Nanoscale drug delivery vehicles formulated from biocompatible 

and biodegradable thermoresponsive polymers represent a growing approach to lipophilic drug 

delivery.  

Recently, due to its special property, poly(N-isopropylacrylamide) (pNIPAM) has been used in 

many copolymers to design stimuli-responsive polymeric micelles for drug delivery purposes [11-

13]. pNIPAM exhibits a reversible phase transition in aqueous solution at about 32 oC, which is 

known to be the lower critical solution temperature (LCST). The micelles can be constructed when 

the temperature is raised above the LCST of the block copolymers containing pNIPAM, where 

pNIPAM forms the hydrophobic core. The block copolymers compose the so-called 

thermosensitive micelle-forming polymers. 

Newly, pNIPAM was coupled into amphiphilic block copolymers with poly(ethylene glycol) [14], 

poly[N-(2-hydroxypropyl) methacrylamide] [15] as hydrophilic blocks and graft copolymers with  

polyphosphazenes [16,17] or dextran [18] as backbone and pNIPAM as side groups. These double 

hydrophilic graft copolymers formed nanoparticles below the LCST triggered by hydrogen bonding 

between the copolymers and a hydrophobic drug. 
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In order to develop new nanoparticulate thermoresponsive carrier with good entrapment efficiency 

for lipophilic drugs, we considered the possibility to use pullulan-grafted-pNIPAM copolymers for 

production of indomethacin (IND) loaded nanoparticles. IND was used as model drug to 

incorporate into nano-aggregates due to its hydrophobic character. In particular, this paper describes 

the preparation of polymeric nanoparticles under LCST of grafted copolymers in order to evaluate 

their potential and efficiency as drug carriers.  

The IND-loaded polymeric particles were prepared by different methods. The characteristics of 

these particles were investigated through dynamic light-scattering (DLS) and atomic force 

microscopy (AFM). In addition, the drug loading efficiency of incorporated IND was investigated 

by ultraviolet (UV) spectrophotometry. The drug release kinetics of prepared nanoparticles have 

also been investigated at different temperatures, below and above the LCST. 

 

2. Experimental and methods 

2.1. Materials 

Pullulan (P), Mw=200,000 g/mol, was purchased from Hayashibara Lab. Ltd. (Okoyama, Japan).  

N-isopropylacrylamide (NIPAM) (Aldrich Chemical Corp., Milwaukee, WI, USA) was 

recrystallized with hexane. Ceric ammonium nitrate (CAN) and other chemicals were purchased 

from Fluka AG (Buchs, Switzerland) and used without further purification. 

Indomethacin (IND) was obtained from Sigma Co. (St. Louis, USA).  

 

2.2. Synthesis and characterization of P-g-pNIPAM copolymers 

2.2.1. Synthesis 

P-g-pNIPAM was synthesized by free radical polymerization using CAN as initiator [19]. Thus, 

pullulan (1.0 g, 6.17 mmol) was dissolved in 12 ml of 0.01M nitrate acid solution in a three-necked 

flask equipped with a nitrogen inlet and a reflux condenser immersed in a thermostated water bath. 

The solution was purged with nitrogen for 30 min. and the nitrogen atmosphere was maintained 
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throughout the polymerization period. Then, CAN (0.88 g, 1.60 mmol) solubilized in 4 mL of 0.01 

M nitrate acid solution was added. After 10 min. supposed to be enough to induce free radicals onto 

pullulan chains, corresponding amount of NIPAM (1.0 g) was added to flask, and the reaction 

continued for 20 hours at 25 oC. The reaction was stopped by addition of 1N NaOH aqueous 

solution. The reaction mixture was finally poured into methanol, filtrated, washed and extracted 

with methanol for 24 hours in order to remove pNIPAM homopolymers. The product was dried 

under vacuum at 60 oC. 

 

2.2.2. Structural characterization 

1H NMR and FT-IR spectrometry was used to study the structure and the molar composition of 

graft copolymer. To obtain the molecular weight of grafted pNIPAM, P-g-pNIPAM copolymers 

were hydrolyzed by 72 % sulfuric acid solution at room temperature for 7 hours. The viscosity-

average molecular weights of pNIPAM grafts were determined by viscometric measurements in 

THF at 27 oC using the following equation [20]: 

 

  78.05108.5 
−= M    (1) 

 

2.2.3. LCST measurement 

The absorbance of the P-g-pNIPAM copolymer aqueous solution was measured at a wavelength of 

450 nm using an UV-Vis Evolution 201 spectrophotometer (Thermo Fisher Scientific Inc., 

Madison, USA) coupled with a temperature controller. The absorbance change was recorded as a 

function of temperature from 25 oC to 40 oC. The polymer solutions (1%, w/v) were prepared in 

ultrapurified water. The heating rate was 1 oC every 10 minutes. The cloud point was defined as the 

temperature at 50 % absorbance in the curve of the normalized absorbance versus temperature.  
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2.2.4. Critical aggregation concentration (CAC) 

The CAC of the copolymers was determined by fluorescence technique. Fluorescence spectra of 

pyrene solubilized in the copolymer solutions were recorded with an LS 55 PerkinElmer 

spectrophotometer (Waltham, Massachusetts, USA) equipped with a thermostated cell holder at 25 

°C. The stock solution of pyrene (~2.0 × 10-6 M) was prepared in double-distilled water. 

Experiments were performed by solving the polymer in the pyrene solution for 24 h before the 

measurements.  

The excitation wavelength was 335 nm and slits set at 8 and 2.5. The fluorescence spectra were 

recorded from 350 to 600 nm. The ratio I1/I3 of the fluorescence intensities of the first (373 nm) and 

third vibronic peaks (384 nm) was then calculated, which provides a measure for the polarity of the 

microenvironment of pyrene at binding sites in hydrophobic microdomains. 

 

2.3. Preparation of IND-loaded nanoparticles 

P-g-pNIPAM nanoparticles containing IND were prepared by both the dialysis method [21] and the 

nanoprecipitation technique [22] at room temperature. IND was used as model drug with 

hydrophobic nature.  

In the dialysis method, P-g-pNIPAM copolymer was dissolved in 5 mL of dimethylformamide 

followed by the addition of IND with various weight ratios to polymer (0.5/1 and 1/1) and stirred at 

room temperature. To form IND-loaded nanoparticles and remove free IND, the solution was 

dialyzed for 3 days against 1000 mL of ultrapure water using regenerated cellulose dialysis 

membranes (molecular weight cut-off of 12,000 (Sigma-Aldrich, Germany)). During the first day, 

water was exchanged every 4 hours and then each day. The nanoaggregates solution was sonicated 

using ultrasonic bath (Cole-Parmer, Illinois, USA), and then centrifuged (Hettich Universal 320R, 

Tuttlingen, Germany) to remove unloaded IND and aggregated particles. The supernatant was 

analyzed by DLS or freeze dried for 24 hours for further studies. Each experiment was performed in 

triplicate. 
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In the nanoprecipitation method, IND and P-g-pNIPAM copolymer in various weight ratios (0.33/1 

÷ 2/1) were dissolved in 5 mL of dimethylformamide. Then, the solution was slowly dropped into 

15 mL of distilled water under magnetic stirring at 500 rpm. The obtained opalescent solution was 

allowed to stir for 30 min at room temperature, then it was dialyzed against water in a similar 

approach with the dialysis method.  

 

2.4. Characterization of IND-loaded nanoparticles 

2.4.1. Particle size measurement and morphology  

The particles size and the polydispersity index at different temperatures were determined by 

dynamic light scattering (DLS) measurements. The equipment consisted of a Delsa Nano 

Submicron Particle Size Analyzer (Beckman Coulter Inc., Brea, USA) with a 30 mW laser diode, 

wavelength of 658 nm and a size range of 0.6 nm - 7 µm. The auto-correlation function is 

automatically calculated. The measurements were performed at a scattering angle of 165° and at 25 

°C and 45 °C, with an equilibration time of 300 seconds at each temperature. The values represent 

the averages of three measurements. 

Atomic force microscopy (AFM) analysis was used for the evaluation of the morphology of 

particles by means of a SPM Solver PRO-M AFM (NT-MTD Co. Zelenograd, Moscow, Russia) 

using a high resolution “Golden” silicon NSG10/Au/50 cantilever with an Au conductive coating. 

The samples were prepared by immersion of the mica surface in the polymer aqueous solutions or 

diluted nanoparticles dispersion (1 g/L) followed by washing with ultrapured water of the excess. 

After their naturally dried, the AFM images were taken, operating in semicontact mode with a 

driving frequency 1.01 Hz. 

The samples for transmission electron microscopy (TEM) were prepared by immersion of carbon 

coated copper grids in a diluted polymer solution (1.5 g/L) or nanoparticles dispersion. After drying 

at room temperature (23 ±0.2oC) for the appropriate time, samples were observed without any 
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staining with a HITACHI HT7700 microscope (Tokyo, Japan), operated at 100 kV in high 

resolution mode. 

 

2.4.2. FT-IR spectroscopy 

The chemical structure of the synthesized copolymers and IND-loaded nanoparticles was 

determined by ATR-FTIR technique, using a FT-IR Vertex 70 spectrophotometer (Bruker, Austria). 

The copolymers were analyzed in solid (lyophilized) state on a KRS-5 support, within the 

frequency range of 4000–600 cm−1. Data processing was done using the OPUS 6.5 software (Bruker 

Optics). 

 

2.4.3. 1H-NMR spectrometry 

The chemical structure and composition of the grafted copolymers and IND-loaded nanoparticles 

were determined from 1H-NMR spectra recorded on a Bruker Avance DRX 400 NMR, using 

deuterated water or DMSO-d6 as solvent. 

 

2.4.4. Drug loading and release studies 

The amount of IND loaded into P-g-pNIPAM nanoparticles was determined by dissolving 5 mg of 

lyophilized IND-loaded nanoparticles in methanol and measuring the drug concentration in 

supernatant at 319 nm with a UV spectrophotometer (Evolution 201, Thermo Fisher Scientific Inc., 

Madison, USA). The standard solutions were prepared at concentrations ranging from 0.005 to 0.03 

g/L.  The drug loading content (DLC) and entrapment efficiency (EE) in nanoparticles (NPs) were 

calculated according to Eqs. (2) and (3), respectively. 

 

100
NPsofWeight

NPsinINDofAmount
%)wt(DLC =

 

 (2) 

100
INDofamountFeeding

NPsinINDofAmount
(%)EE =

 

  (3) 



 8 

 

For release studies, the freeze-dried IND-loaded nanoparticles were dissolved in 5 mL buffer (PBS 

pH=7.4 (50 mM Na2HPO4 + NaOH) or acetate pH=5 (50 mM CH3COONa + CH3COOH)), 

transferred to a dialysis tube with molecular weight cut-off of 3,500, and then immersed into 95 mL 

of buffer solution, at 25 oC or 37 oC. Periodically, 1 mL were withdrawn from the solution and 1 

mL of fresh buffer solution were added. The amount of IND released from nanoparticles was 

measured at 319 nm by UV spectrometry using a standard curve previously constructed. 

 

3. Results and discussions 

3.1. Synthesis and characterization of P-g-pNIPAM copolymers 

The grafting of pNIPAM onto polysaccharides [23] has become a subject of great interest to 

develop materials with responsive character to external stimuli. Here, the graft polymerization of 

pNIPAM on pullulan backbone was realized under the LCST of pNIPAM (30 oC), therefore in 

homogenous conditions, in the presence of Cerium ions as initiator.  

The grafting of pNIPAM onto pullulan was confirmed by FT-IR and 1H-NMR spectra as previously 

reported [19]. In order to find out the average graft points and average length of grafted pNIPAM 

on pullulan chains, H2SO4 hydrolysis method was used to fully degrade the pullulan chains in P-g-

pNIPAM copolymer [19]. After hydrolysis process and drying, grafted pNIPAM was obtained that 

was further dissolved in THF to analyze the molecular weight by viscometric method [20].  

The average graft points per chain of pullulan (Ng) were then calculated as follows: 

pullulanofweightpNIPAMgraftedofM

pullulanofMpNIPAMgraftedofWeight
Ng

w

w




=

 

 (4) 

Where the weight of grafted pNIPAM was calculated from the grafting yield (GY %): 

100(%)GY
P

P1 
−

=
W

WW

     

 (5) 

Where W1 is the weight of P-g-pNIPAM copolymer and WP is the initial weight of pullulan. 
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Table 1 shows the average molecular weight of grafted pNIPAM and average graft points on 

pullulan chains of two reaction systems with different P/NIPAM feeding molar ratios after 6 h of 

reaction at 30 oC. The average molecular weight of grafted pNIPAM increased with the amount of 

NIPAM added in the reaction system because of continuously addition of NIPAM on the already 

generated active reaction sites. The average values of graft points were almost the same for both 

samples but the length of pNIPAm grafts was approximately double for P-g-pNIPAAm70 in 

comparison with P-g-pNIPAM55 (where the index 70 and 55 represent the grafting molar 

percentage of NIPAM on glucosidic unit of P). 

Table 1 

The phase transition behaviour of P-g-pNIPAM samples was studied in pure water and compared 

with that of pNIPAM homopolymer. Figure 1a shows the change in optical absorbance of the 

aqueous polymer solutions at various temperatures. The graft copolymers exhibit LCST values 

slightly higher than that of the pure homopolymer (see table 1). Remarkably, the sharpness of the 

phase transition is not altered and lasts in the range of no more than two Celsius degrees. This is in 

agreement with literature [24], and suggests that the phase transition temperature of the grafts is not 

significantly affected by coupling to the polymer backbone. Hydrophilic polymers containing 

pNIPAM grafts often exhibit a LCST similar to that of pNIPAM because the cooperative domains 

in pNIPAM grafts that undergo phase transition are not significantly perturbed by the other 

components [25].  

Figure 1 

It is well known that the vibrational structure of the fluorescence bands of pyrene is sensitive to the 

local polarity of the microenvironment at the binding sites [26-28]. Relevant plots of the 

fluorescence ratio I1/I3 vs polymer concentrations for the P-g-pNIPAM samples are presented in 

Fig. 1b. At low concentrations, both polymers show high I1/I3 values similar to that in pure water, 

indicating that pyrene is neither associated with nor solubilized in the P-g-pNIPAM 
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macromolecules but is solubilized in the aqueous phase. A large decrease of the I1/I3 ratio is 

observed upon further increase of the copolymer concentration which is indicative for binding of 

pyrene at binding sites located in a relative non-polar microenvironment in the hydrophobic 

microdomains. This unusually association phenomenon was observed for dextran-b-pNIPAM [18, 

29], PEG-b-pNIPAM [30, 31] or pNIPAM-g-PEG [32] copolymers and is attributed to an interchain 

association, leading to the formation of clusters. It was also suggested that the driving force for the 

association might be a difference of behavior in water, e.g. solubility difference (the selective 

solvation of water towards the backbone and the side polymer chains). Therefore, pNIPAM, which 

is quite hydrophobic at ambient temperatures forms hydrophobic domains stabilized by the more 

hydrophilic PEG [32]. However, regardless of the mechanism of association, CAC values for P-g-

pNIPAM copolymers were determined by the crossover points in the low concentration range (Fig. 

1b) and are reported in Table 1. The value of the CAC is slightly influenced by the content of the 

pNIPAM units; namely, increasing the grafting molar percentage from 55 to 70, CAC value 

decreases from 3.7 to 3.3 g/L. 

The dimension and the morphology of polymer aggregates were analyzed by atomic force 

microscopy (AFM), transmission electron microscopy (TEM) and compared with DLS (Fig. 2). 

Below the LCST, the two grafted copolymers at 10 g/L concentration (over CAC value) showed a 

bimodal distribution in DLS, indicating their incomplete aggregation. Thus, P-g-pNIPAM55 

aqueous solutions showed a low percent of small particles (Dh = 2-6 nm, close to values obtained 

for unmodified pullulan) assigned to the non-associated chains and a main population of aggregates 

with Dh = 25-1400 nm (Fig. 2a). As expected, increasing of pNIPAM length enhanced the tendency 

to form aggregates and increased the Dh of single micelles (Fig. 2b). The P-g-pNIPAM70 aqueous 

solutions displayed also a bimodal distribution, but with the presence of the two populations in 

similar amounts. The smaller particles had a Dh = 10-40 nm, and the bigger particles had a Dh = 75-

600 nm. AFM images have revealed that the graft length influences both the shape and uniformity 

of aggregates. Thus, while for the sample P-g-pNIPAM55 is observed that the structure begins to 
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organize but the aggregates are not spherically (Fig. 2c), the sample P-g-pNIPAM70 formed 

spherical and uniform aggregates with a diameter in the range of 40-80 nm (Fig. 2d).  The 

difference in the particle size obtained by AFM and DLS measurements is due to the different state 

of particles in the two techniques. As the pNIPAM length is higher, the tendency of aggregation and 

compaction is higher. These observations are consistent with the fluorescence data and were 

confirmed by TEM images (Fig. 2e,f). 

Figure 2 

 

3.2. IND-loaded P-g-pNIPAM nanoparticles 

3.2.1. Preparation 

N,N’-dimethylformamide and dimethylsulfoxide were chosen as dissolution medium because they 

are good solvents for both P-g-pNIPAM and IND and are miscible with the dialysis medium 

(water).  The synthesized nanoparticles were analyzed for size and polydispersity by dynamic light 

scattering (DLS). It was found that the formation of the particles depends on the solvent nature, the 

polymer concentration, the length of pNIPAM grafts, and the ratio between polymer and drug. 

The synthesis conditions as well as the characteristics of P-g-pNIPAM55/IND nanoparticles 

prepared by dialysis and nanoprecipitation methods using DMF or DMSO as organic solvents are 

summarized in Table 2. 

Table 2 

Dialysis represents an efficient approach for the complete exchange of the solvent against water. By 

applying the dialysis of a DMF solution against water, P-g-pNIPAM55/IND particles in the range of 

1474 and 714 nm were obtained, depending of the polymer concentration. Even if the size of 

nanoparticles obtained from a 5 g/L polymer concentration is smaller, their polydispersity is still 

high, indicating an intermicellar association. This fact can be due to the slow rate of solvent 

exchange, when the collapse of the pNIPAM core may be not sufficiently fast to prevent secondary 

aggregation.  
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Another way of nanoprecipitation is the addition of the polymer/drug solution to water (or vice 

versa; water to the polymer solution) by dropping, while stirring. The dropping addition of water to 

a DMF polymer/drug solution results in particles with higher size than those obtained by the inverse 

procedure. 

For the same concentration of polymer solution and IND/ polymer ratio, the dropping in water of a 

DMF solution yields particles in the same range of size and PDI as obtained from a DMSO solution, 

but with higher loading and entrapment efficiency (NPs 5 vs NPs 6 in Table 2).  

Following these observations, the nanoparticles were obtained by nanoprecipitation of a DMF 

polymer/drug solution in water.  With the aim to study the effect of the polymer concentration, 

polymer/drug ratio and graft length on the particle size, different preparation conditions were used 

(Table 3). 

First, the influence of polymer concentration on the size of particles was studied. At low 

concentrations near CAC values, their mean sizes were in the range 413-554 nm with a large 

polydispersity, depending on the amount of IND. At higher polymer concentrations (3-5 times 

higher than CAC), the size of nanoparticles became smaller and the size distribution narrow. 

However, for all polymer concentrations used, the optimum IND/polymer ratio was 0.5/1 with 

smaller and narrower particles at 15 g/L polymer concentration, suggesting that a more compact 

structure was formed with an increase in IND loading. A further increase of the IND/polymer ratio 

to 1.33/1 and 2/1 leads to an augmentation of the particles size followed by the appearance of 

aggregates, probably due to the aggregation between particles as a result of the hydrophobic 

interactions.  

Table 3 

This phenomenon started even at an IND/polymer ratio of 1/1 for P-g-pNIPAM70 since larger 

pNIPAM grafts length needs higher hydrophobic drug amount for micellization. The particles 

obtained by using P-g-pNIPAM77 were characterized by smaller size (~145 nm) and narrower 

polydispersity (~0.05) compared with those prepared from P-g-PNIPAM55 at the same IND/ 
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polymer ratio (0.5/1). This polymer has a slightly lower CAC value (as determined by fluorescence 

analysis) and can form nanoparticles and solubilizes IND more easily, due to its optimal 

hydrophobic/hydrophilic balance.  

Figure 3 illustrates the effect of IND/polymer feed weight ratio on the drug loading content (DLC) 

and entrapment efficiency (EE) in the nanoparticles. It can be seen that the increase of drug feeding 

resulted in the increase of both parameters. The quantity of loaded IND (6 - 15 wt %) and the 

entrapment efficiency (24-62 %) were relatively low at IND/polymer ratio of 0.33/1, most likely 

due to the deficient amount of drug in the system that should interact by hydrogen bonds with 

pNIPAM side chains and promotes the formation of the micellar structure. However, DLC 

significantly increased at the IND/polymer ratios of 0.5/1 and 1/1 reaching a maximum value of ~40 

% (polymer concentration of 10 g/L and IND/polymer ratio of 1/1). 

A further increase of the polymer concentration led to a decrease of DLC and EE parameters since 

augmentation of the particles size followed by the appearance of aggregates (smaller NPs recovery 

yields obtained (data not shown)).  

The IND/polymer ratio of 1/1 and 10 g/L polymer concentration was found effective for the 

production of lower particle size (225.6± 25.07 nm) and higher entrapment efficiency (80 %). 

Figure 3 

Secondly, the influence of grafts lenght on loading efficiency of IND was studied (Fig. 4). The best 

results were obtained for P-g-pNIPAM70 with larger pNIPAM grafts length and fully corresponded 

with results of fluorescence studies. Especially, for this polymer, when the weight ratio of 

IND/polymer is 0.5/1 it was obtained nanoparticles with relatively high EE (~ 77.36 %), and with 

the smallest size (144.8 ± 0.14 nm) (Fig. 4a). For this IND/polymer weight ratio, the increase of 

polymer concentration over 5 times of CAC, resulted in an increase of drug contents and loading 

efficiencies. Also, the nanoparticles size slightly increased from 145 to 189 nm (Table 3) which 

suggests a more compact structure due to increased hydrophobicity as a result of the interaction 

between pNIPAM grafts and IND molecule.  
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Figure 4b shows the dependence of drug content and loading efficiency on IND/P-g-PNIPAM70 

feeding ratio at 10 g/L polymer concentration. The graph showed that the increase of drug/polymer 

feeding ratio at 1/1 resulted in a significant decrease of both DLC and EE. The size of particles 

obtained at this particular drug/polymer ratio increased up to 1500 nm which means that especially 

aggregates are formed since larger pNIPAM graft length and higher hydrophobic drug feeding 

induced higher hydrophobic interactions. This agreed with the experimental observations that more 

precipitate formed in these particularly preparation conditions.  

Figure 4 

To verify the thermosensitivity of nanoparticles, the size and PDI at temperatures under and upper 

LCST of P-g-pNIPAM copolymer were measured. Results are presented in Table 3 and it is 

obviously that the nanoparticles with DLC smaller than ~13 % (NPs 5#1, NPs 10#1, and NPs 

15’#1) obtained at IND/polymer ratios of 0.33/1 and 5 g/L polymer concentration, showed a 

decrease in size at 40 oC compared with that at 25 oC. In these nanoparticles we can assume that are 

still free pNIPAM units which above LCST will be dehydrated diminishing the free volume 

between the core forming chains [33]. The most part of nanoparticles have high drug loading 

content. Heating of these dispersions above the LCST (40 oC) did not modify or slightly increased 

the size of the particles. It can be assumed that these particles have a compact structure with a dense 

core due to the enhanced hydrogen-bonding and hydrophobic interactions between IND and 

pNIPAM grafts of the polymer which do not shrink further above the LCST of the polymer. 

 

3.2.2. IR and 1H-NMR studies of the interaction between IND and P-g-pNIPAM copolymers 

The interaction between P-g-pNIPAM copolymer and IND was evidenced by FT-IR (Fig. 5) and 

1H-NMR spectroscopy (Fig. 6). 

Figure 5 

In the FT-IR spectrum of the grafted copolymer (P-g-pNIPAM55) (Fig. 5), the O-H stretching band 

of hydroxyl group of pullulan and N-H stretching band of amide group of pNIPAM overlapped 
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each other and led to a broad band, which appeared at 3430 cm-1. In addition to the characteristic 

stretching vibrations of the hydroxyl groups at 1080 cm-1 of pullulan [34], the absorption peaks at 

1648 cm-1 (C=O stretching, amide I band), 1550 cm-1 (N-H bending, amide II band), and 1260 cm-1 

(amide III band)  characteristic of the amide groups of pNIPAM [35] are observed. 

The IR spectrum for indomethacin (crystalline form) was characterized by sharp transition 

occurring at 2965, 1716, 1610 and 1479 cm-1 corresponding to the bond stretching associated with 

O-H, C=O, NH and C-C bonds, respectively. The peak at 1693 cm-1 is assigned to benzoyl vibration 

[36].  

It is well known that the formation of hydrogen bonding can be determined by the peak shiftings of 

the hydrogen-bonded functional groups to lower wave numbers in IR spectroscopy [37, 38]. In the 

spectrum of IND-loaded nanoparticles a difference in the wave numbers of the broad peak located 

at 3430 cm-1 to a lower wave number (3426 cm-1 for NPs 10#2 and 3376 cm-1 for NPs 10#3) as the 

IND amount increases can suggest that different H-bonding types can be involved. 

The interactions between IND and P-g-pNIPAM copolymer resulted also in changes in the C=O 

stretching region. A change of the N-H deformation peak of the pNIPAM chains was observed with 

a shift to lower wave numbers at 1545 cm-1, compared to the starting grafted polymer at 1549 cm-1. 

This change with about four units may be due to the pNIPAM amide group hydrogen bonded with 

the carboxylic group of the drug. The appearance of the C=O stretching peak of the IND at 1712 

cm-1 and the shifting of indomethacin peaks at 1677, 1618, 1597 cm-1, respectively, proved that the 

crystalline structure of IND in nanoparticles changed to amorphous state and drug molecule 

interacts with amide groups of P-g-pNIPAM by hydrogen bonds. Similar observations of the shifts 

to the lower wave number region compared to the band of the crystalline indomethacin have been 

reported for poly(N-isopropylacrylamide) based vesicles [39] or micelles [18]. 

In the 1H-NMR spectrum of P-g-pNIPAM55 copolymer in D2O (Fig. 6a) and DMSO-d6 (Fig. 6d), 

besides the resonance peaks of pullulan, the characteristic signals at 1.18 ppm (-CH3)2-), 1.4 - 2.2 

ppm (–CH and –CH2 backbone protons) and 3.9 ppm (-CH- isopropyl methane group) of pNIPAM 
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were present [19]. The ratio of the integrated peak of the methyl protons of the isopropyl groups 

corresponding to NIPAM divided by 6 to that of H-1 protons of pullulan moieties observed at 5.4 

and 4.96 ppm (Fig. 6a) was found 1.36 and further used for the calculation of the molar ratio of 

pNIPAM units grafted on structural unit of polysaccharide. In the spectrum of IND-loaded 

nanoparticles, the same ratio was equal to 1.20 in NPs 10#2 (Fig. 6b) and 0.3 in NPs 10#3 (Fig. 6c); 

these values decreased as the amount of IND in NPs increased. This indicated that some isopropyl 

groups from the pNIPAM backbone interacted with IND resulting the hydrophobic core of NPs 

(where they lose their mobility) while others are sufficiently mobile to be observed in the 1H NMR 

spectrum. The spectra showed no signals for IND (heterocyclic rings protons should appear at 6.6-

7.6 ppm) which indicated a high IND entrapment efficiency.  

From 1H-NMR spectrum in DMSO-d6, the molar ratio of IND:NIPAM in the NPs 10#2 was 0.33 

(Fig. 6e). If we assume that one molecule of IND is hydrogen-bonded with one molecule of 

NIPAM, then the most amount of pNIPAM (over 67%) is still free at this temperature. This is 

confirmed by the large molar ratio NIPAM : glucopyranose unit in D2O spectrum of the same 

formulation (1.20). In the NPs 10#3 DMSO-d6 spectrum (Fig. 6f), the molar ratio of IND:NIPAM 

increased at 0.48 with a significant decrease of the NIPAM:glucopyranose molar ratio at 0.3.  In 

this case, more IND is linked by hydrogen bonding resulting in NPs with more compact structures. 

Moreover, the lack of the OH signal of IND at 12.46 ppm was observed in all NMR spectra of NPs 

dispersions which could be due to the hydrogen bonding interactions with pNIPAM units of the 

copolymer. 

 

3.2.3. Dimensional and morphological analysis 

Figure 7 shows AFM and TEM photographs of IND-loaded nanoparticles prepared from the two 

polymers at the same IND/polymer weight ratio (0.5/1) and polymer concentration (10 g/L). As 

shown in Fig. 7, nanosized particles of spherical shape have been prepared. TEM photographs 

showed that the drug was uniformly distributed within nanoparticles (Fig. 7, column 2). The size 



 17 

distribution obtained by TEM image analysis was similar with those obtained by DLS 

measurements (50-250 nm for NPs 10#2 and 45-140 nm for NPs 10’#2, respectively). The diameter 

obtained from AFM images was much smaller than that obtained from DLS (Table 3), since for 

AFM measurements, nanoparticles were previously dried at room temperature and for DLS were 

suspended in the aqueous medium.  

Figure 7 

 

3.2.4. Release studies 

The IND release patterns from nanoparticles were studied using a dialysis bag in phosphate or 

acetate buffer solutions (pH 7.4 and 5, respectively) at 25 or 37 oC (Fig. 8).  The drug was 

completely released in 24 hours from all formulations due to its high solubility in simulated 

physiological fluids. 

Figure 8 

Figure 8a presents the release profile of IND from nanoparticles with different DLC as a function of 

time. In PBS at 37 oC, 85 % of the loaded IND was released within 6 hours with small influence of 

the loading content on the release rate. For NPs 10#1 with a smaller loading content, the presence of 

a bigger amount of the polymer in nanoparticles counteracts the faster diffusion and leads to a 

comparable release rate. 

To see the temperature effect of the release rate of IND, the release experiments were made at 25 

and 37 oC (under and upper LCST). It is evident an increase of the release rate in PBS at T> LCST 

(Fig. 8b) when the IND is in dissociated form, it has a high solubility and the physical interactions 

from the inside of nanoparticles are weaker due to the disruption of H-bonds.  

The release of IND in buffer solution with pH 5 was slower than in PBS and depended of the drug 

loading of nanoparticles (Fig. 8c,d). Therefore, the amount of IND released after 6 hours was 73 % 

and 51.5 % from NPs 10#2 and NPs 10#3, respectively. In pH 5, the IND release was determined 
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both by its low solubility in the dissolution medium and the presence of H-bonds and hydrophobic 

interactions between IND and pNIPAM segments in the core of nanoparticles. 

Increase of pNIPAM length induced a reduced effect on the release rates at 37 oC. In these 

conditions, the hydrophobic interactions between IND and pNIPAM units are enhanced and after 

the H-bonds disruption, the diffusion of the drug in the release media is lowered. 

 

Conclusions 

Double hydrophilic P-g-pNIPAM copolymers with different molecular weight of thermoresponsive 

grafted units were prepared and characterized. Subsequently, nanoparticles loaded with 

indomethacin were prepared by dialysis and nanoprecipitation methods at room temperature, using 

DMF or DMSO as organic solvents. The dropping in water of a DMF solution containing both the 

copolymer and the drug was chosen as main method since higher loading and entrapment efficiency 

were obtained. 

The size of IND-loaded P-g-pNIPAM nanoparticles decreased with the increase of molecular 

weight of thermoresponsive fragments, the loading amount of drug and the concentration of 

copolymer. The drug entrapment efficiency was up to 80 % when the weight ratio of IND/polymer 

was 1/1 and for a 10 g/L polymer concentration. 

The preparation of the nanoparticles was attributed to the IND-pNIPAM and pullulan hydrogen 

bondings that were confirmed by FT-IR and 1H-NMR spectroscopy studies.  

In vitro release of IND from the IND-loaded P-g-pNIPAM nanoparticles in PBS at pH=7.4 and 

acetate buffer at pH=5 depended on the molecular weight of pNIPAM units in the copolymer, drug 

content and temperature.   
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Table 1. Preparation conditions and main properties of P-g-pNIPAM copolymers. 

Sample NIPAM/P 

Feeding 

molar ratio 

GY 

(g %) 

NIPAM/AGU determined 

from  
1H NMR 

Mv of 

pNIPAM 

grafts, x 

10-4 

(g/mol)a 

Ngb LCST 

in 

water 

(oC) 

CACc 

(g/L) 

mol % wt % 

P-g-

pNIPAM55 

1.43 74 54.95/45.05 45.97/54.03 0.61 24.26 34 3.71 

P-g-

pNIPAM70 

2.86 119 69.83/30.17 61.76/38.24 1.01 23.56 34 3.36 

aCalculated by viscosimetry in THF at 27 oC using the equation (1) 
bCalculated from the equation (4) and considering the molecular weight of pullulan 200,000 g/moL 
cCalculated from fluorescence spectra in water at 25 oC. 
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Table 2. Characteristics of P-g-pNIPAM/IND nanoparticles prepared by the dialysis and 

nanoprecipitation methods. 

Sample  [P]a 

(g/L) 

IND/P 

ratio 

(w/w) 

DLC 

(wt. %) 

EE 

(%) 

Mean 

diameter at  

25 oC (nm) 

PDIb Technique/ 

Solvent 

 

P-g-pNIPAM55 

NPs 1 4 0.5/1 -c - 1474.75±21.00 1.699±0.11 Dialysis/ 

DMF 

NPs 2 4 0.5/1 - - 641.75±30.47 0.655±0.045 Nanoprecipitation/ 

DMF 

NPs 3 4 0.5/1 - - 844.35±31.46 0.543±0.032 Nanoprecipitation 

Inverse/DMF 

NPs 4 5 1/1 29.21 58.43 713.9±29.51 1.237±0.99 Dialysis/ 

DMF 

NPs 5 5 1/1 21.07 42.15 554.12±16.79 0.590±0.024 Nanoprecipitation/ 

DMF 

NPs 6 5 1/1 17.9 35.8 625.4±23.21 0.677±0.070 Nanoprecipitation/ 

DMSO 
a [P] represents the P-g-pNIPAM concentration 
b PDI represents the polydispersity index 
c - not done 
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Table 3. Characteristics of P-g-pNIPAM/IND nanoparticles prepared by the nanoprecipitation 

method 

Sample  [P]a 

(g/L) 

IND/P 

ratio 

(w/w) 

Mean diameter (nm) PDIb  

25 oC 40 oC 25 oC 40 oC 

P-g-pNIPAM55 

NPs 5#1 5 0.33/1 420.9±10.26 331.4±15.27 0.378±0.016 0.402±0.025 

NPs 5#2 5 0.5/1 413.3±12.06 489.7±30.82 0.411±0.089 0.137±0.011 

NPs 5#3 5 1/1 554.12±16.79 571.2±32.15 0.590±0.024 0.552±0.038 

NPs 5#4 5 1.33/1 Aggregates   1.052 n.d. 

NPs 5#5 5 2/1 Aggregates  1.074 n.d. 

 

NPs 10#1 10 0.33/1 379.5±37.73 359.35±10.81 0.269±0.013 0.228±0.0084 

NPs 10#2 10 0.5/1 225.6±25.07 249.3±8.48 0.248±0.028 0.097±0.0098 

NPs 10#3 10 1/1 247.55±16.64 252.9±6.36 0.526±0.015 0.381±0.048 

NPs 10#4 10 1.33/1 Aggregates         0.299 n.d. 

 

NPs 15#1 15 0.33/1 276.7±1.98 373.45±24.11 0.161±0.011 0.1575±0.039 

NPs 15#2 15 0.5/1 224.43±4.99 266.36±19.62 0.083±0.034 0.08366±0.002 

NPs 15#3 15 1/1 278.8±5.42 288.75±1.76 0.170±0.05 0.162±0.0127 

NPs 15#4 15 1.33/1 Aggregates n.d. 

P-g-pNIPAM70 

NPs 5’#2 5 0.5/1 213.83±3.94 251.03±3.40 0.118±0.009 0.0473±0.0195 

 

NPs 10’#1 10 0.33/1 222.5±13.43 147.1±13.57 0.121±0.051 0.164±0.065 

NPs 10’#2 10 0.5/1 144.8±0.14 154.3±1.13 0.0525±0.038 0.126±0.048 

NPs 10’#3 10 1/1 1461.6±3.53 - 0.367±0.007 n.d. 

NPs 10’#4 10 1.33/1 aggregates n.d. 

 

NPs 15’#1 15 0.33/1 235.3±2.54 211.85±17.04 0.0625±0.009 0.089±0.0096 

NPs 15’#2 15 0.5/1 187.9±2.54 199.05±0.35 0.120±0.027 0.0295±0.003 

a [P] represents the polymer concentration 
b PDI represents the polydispersity index 
c n.d.- not determined 
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Figure Captions 

Figure 1. LCST profiles of pNIPAM homopolymer and P-g-pNIPAM copolymers in water (a) and 

variation of pyrene polarity parameter I1/I3 with polymer concentration (b) 

Figure 2. Hydrodynamic diameter distribution for the aggregates formed by P-g-pNIPAM 

copolymers in aqueous solution at 10 g/L and 25 oC. AFM (middle column) and TEM (last column) 

images of P-g-pNIPAM copolymers prepared from aqueous solution with 1 g/L (c,d) and 1.5 g/L (e,f) 

Figure 3. Effect of IND/polymer weight ratio on drug loading content (a) and entrapment efficiency 

(b) of nanoparticles 

Figure 4. Effect of polymer concentration (a) and IND/polymer weight ratio (b) on drug content and 

entrapment efficiency of nanoparticles 

Figure 5. IR spectra of P-g-pNIPAM55, NPs 10#2, NPs 10#3, and IND 

Figure 6. 1H NMR spectra of P-g-pNIPAM55 (a), NPs 10#2 (b), NPs 10#3 (c) in D2O; P-g-pNIPAM55 

(d), NPs 10#2 (e), NPs 10#3 (f), IND (g) in DMSO-d6 

Figure 7. AFM images in topography (first column), TEM images (middle column) and the histogram 

(right column) obtained by analysis of TEM images of nanoparticles dispersions 

Figure 8. In vitro release profiles of drug from IND loaded P-g-pNIPAM nanoparticles with different 

drug loaded contents in PBS pH=7.4 and acetate buffer pH=5, at 25 and 37 oC 
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