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Abstract 

Poly(N-isopropylacrylamide-co-maleic acid) (poly(NIPAAm-co-MAc)) with an appropriate 

comonomer ratio was designed and synthesized as an appealing pH/thermo-responsive 

copolymer. In simulated physiological fluids (phosphate buffer solution (PBS) at pH = 7.4 and T 

= 36 °C), both carboxylic groups of MAc in copolymer (pKa1 = 3.45, pKa2 = 6.09) are in the 

ionized form, more hydrophilic and consequently the copolymer loses the thermosensitive 

properties. However, when the carboxylate groups present in the copolymer are protonated or 

interact ionically with positively-charged bioactive compounds with hydrophobic character (e.g. 

diphenhydramine, DPH), the copolymer takes back the thermosensitive properties at the 

physiological pH and temperature. Therefore, microgels obtained from poly(NIPAAm-co-MAc) 

are in the swollen state in PBS at T = 36 °C, i.e. they are in the “inactive” state. However, after 

ionic interactions with hydrophobic bioactive compounds, taken as triggering agents, the 

microgels become “activated” and collapse. Therefore, the triggering agent is the key factor 

controlling the thermosensitivity of the hydrogel. 

 

Keywords: poly(N-isopropylacrylamide), stimuli-sensitive polymer, smart polymer, hydrogel, 

triggering agent 

 

 

 

 

 

Abbreviations: DF, diclofenac sodium; DPH, diphenhydramine; ESEM, environmental 

scanning electron microscopy; KPS, potassium persulfate; KS, kanamycin sulfate; LCST, lower 

critical solution temperature; MAc, maleic acid; MAn, maleic anhydride; MBAAm,  N,N’-

methylenebisacrylamide; NIPAAm, N-isopropylacrylamide; PBS, phosphate buffer solution; 

poly(NIPAAm-co-MAc), poly(N-isopropylacrylamide-co-maleic acid); TEMED, N,N,N’,N’-

tetramethylethylenediamine; VPTT, volume phase transition temperature.  
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1. Introduction 

The administration of drugs using controlled delivery formulations has represented a great 

success in therapeutic effectiveness [1-3]. In fact, controlled delivery formulations allow to 

maintain the drug concentration in the therapeutic range with just a single dose, protect drugs 

from enzymatic degradation, and increase patient comfort and compliance. Many formulations 

are already available on the market and they contribute to improving quality of life [4]. Even if 

benefits are considerable, controlled delivery systems have some limitations since there are a 

number of clinical situations where such an approach would be inadequate. These include, for 

example, the delivery of insulin for patients with diabetes mellitus. Therefore, a new generation 

of self-regulated drug delivery systems, releasing drugs when the physiological parameters are 

perturbed, have been developed [5,6]. These systems are based on smart or stimuli sensitive 

(responsive) polymers that in aqueous solution undergo a phase transition to small variation of 

the external parameters such as temperature [7], pH [8], ionic strength [9] electric or magnetic 

field [10,11], etc. Of them, polymers sensitive to temperature and pH are the most useful because 

in the human body, these physicochemical parameters change in different body compartments 

(pH) and under pathological conditions (temperature), acting as triggering agents.  

One of the most commonly used thermosensitive polymer for biomedical applications is poly(N-

isopropylacrylamide) (poly(NIPAAm)) [12,13], displaying, in aqueous solution, a sharp phase 

transition (lower critical solution temperature, LCST) at a temperature not far from that of the 

human body (32-33C) [14]. This temperature-dependent phase transition is characterized by the 

fast change of hydrophilicity and hydrophobicity along the main chain. Below the LCST, 

poly(NIPAAm) is hydrophilic and displays a coil conformation, whereas above the LCST, it 

undergoes a quick coil-to-globule transition leading to a hydrophobic aggregation.  

Accordingly, the cross-linked hydrogel synthesized from this polymer is highly hydrophilic and 

in the swollen state below the LCST, but undergoes a dramatic collapse once the temperature 

increases above the LCST [15].  

Besides thermosensitive hydrogels, pH sensitive systems form a class of stimuli sensitive 

materials that apply to biomedical needs [16,17]. Such systems may control the release of drugs 

in response to pH changes of physiological fluids, such as in the gastrointestinal tract which is 

divided into regions of differing pH. Usually, the pH-responsive hydrogels are synthesized from 

polymers containing weakly acidic (−COOH) [18] or weakly basic (−NH2) [19] functional 

groups, the swelling and collapsing processes being the result of protonation/deprotonation of 

the sensitive moieties. For biomedical applications, hydrogels are desirable to respond 

simultaneously to both temperature and pH. Remarkably, the copolymerization of NIPAAm with 

pH-sensitive monomers in the presence of small amounts of cross-linkers generates hydrogels 
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that are sensitive to both temperature and pH [20,21]. Moreover, the incorporation of an 

appropriate amount of pH-sensitive monomer leads to the increase of the LCST from 32 C for 

NIPAAm-based hydrogels to 36 °C (approximating the human body temperature) for the 

copolymer-based hydrogels [22].  However, the main drawback of these hydrogels is the 

reduction or loss of their thermosensitive properties even in the presence of a low amount of the 

pH-sensitive co-monomer [23]. This phenomenon takes place when the pH-sensitive co-

monomers are in the ionized form, which is much more hydrophilic than that of the non-ionized 

form [24]. The presence of the hydrophilic co-monomer along the main chain affects the 

hydrophilic/hydrophobic balance of poly(NIPAAm) and therefore the hydrophobic interactions 

between the isopropyl groups are weakened. However, since the pH-sensitive co-monomers are 

charged molecules, they can interact electrostatically with opposite charged compounds with 

different hydrophobicity. After the interaction, the co-monomer passes from the hydrophilic to 

the hydrophobic state and the copolymer restores the thermosensitivity [21].  

Based on this approach, here we report the synthesis of a copolymer based on poly(NIPAAm-co-

MAc) with pH/temperature-sensitive properties. The LCST of this copolymer was determined in 

water and in different simulated physiological conditions (pH = 1.2, pH = 7.4 or isotonic 

solutions). Remarkably, at pH = 7.4 and T = 36 C, the copolymer lost its thermosensitive 

properties due to the ionization of MAc, however the copolymer restored thermosensitivity after 

electrostatic interactions with positively charged biomolecules with hydrophobic character 

(triggering agents). Based on this ability, hydrogels with sensor (-COOH groups) and delivery 

properties (thermosensitive units) were synthesized. These hydrogels are able to collapse and 

release the drug in the presence of a triggering agent.  

 

2. Experimental section 

2.1. Materials 

N-isopropylacrylamide (NIPAAm), purchased from Aldrich Chemical Corp. (Milwaukee, WI, 

USA), was recrystallized from hexane. Maleic anhydride (MAn), N,N’-methylenebisacrylamide 

(MBAAm), potassium persulfate (KPS), N,N,N’,N’-tetramethylethylenediamine (TEMED) were 

supplied from Fluka AG (Buchs, Switzerland). Diphenhydramine hydrochloride (DPH), 

diclofenac sodium salt (DF), and kanamycin sulfate (KS) (see their chemical structures in Fig. 1) 

were obtained from Fluka AG (Buchs, Switzerland) and Antibiotice SA (Iassy, Romania), 

respectively. All chemicals were of analytical or reagent grade and were used without 

purification unless stated.  
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Fig. 1. Chemical structures of drugs  

  

2.2. Synthesis of poly(NIPAAm-co-MAc) copolymer 

The synthesis of linear poly(NIPAAm-co-MAc) was carried out by free radical co-

polymerization in aqueous solution. In a representative example, 1.13 g of NIPAAm (10 mmol) 

and 0.098 g of MAn (1 mmol) were dissolved in 10 mL of distilled water. Dried nitrogen was 

flushed through the monomer solution for 30 min before polymerization. Afterwards, the 

initiator (0.020 g of KPS) and the accelerator (40 µL of TEMED) were added to the monomer 

solution and the copolymerization lasted 8 h at room temperature (20 ± 2 ºC). Subsequently, the 

polymer solution was dialyzed against distilled water for one week at 20 C (molecular weight 

cut off 10,000-12,000 Da; from Medicell International, London, United Kingdom), and 

recovered by freeze-drying. 

 

2.3. Copolymer composition 

2.3.1. 1H-NMR analysis 

The structure of copolymer and co-monomer molar ratio in copolymer were determined by 1H-

NMR analysis. 1H-NMR spectra of poly(NIPAAm-co-MAc) were performed in deuterated water 

on a Varian Mercury Plus 400/Varian VXR 200 spectrometer operating at 400 MHz frequency. 

The co-monomer molar ratio in poly(NIPAAm-co-MAc) copolymer was calculated according to 

Equation (1): 

( ) NIPAAmYMAcMAcNIPAAmNIPAAmMAc 911362 −+++=           (1) 

where Y is the molar fraction of NIPAAm calculated as the area of the methynic proton at 3.93 

ppm, and (6 NIPAAm + 3 NIPAAm + 1 MAc +1 MAc) is the total area of the peaks between 0.7 

and 2.8 ppm, corresponding to the main backbone protons (3 NIPAAm + 2 MAc) plus the 

NIPAAm (6 NIPAAm) methyl protons.  

 

2.3.2. Conductometric titration 
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Conductometric titration of carboxylic groups was performed at room temperature (22 ºC) by 

means of a conductivity meter CMD 210 (Radiometer, Copenhagen, Denmark) provided with a 

CDC 865 cell. The determination of carboxylic groups of the linear copolymer was performed 

by adding an excess of 0.01N HCl followed by back titration with 0.01N NaOH.  

 

2.4. Potentiometric titration 

Potentiometric titration was performed with an all-purpose Metrohm 716 DMS Titrino apparatus 

equipped with a dosing unit and a combined glass electrode. An amount of 0.3 g copolymer in 

acidic form was dissolved in 25 mL distilled water, then KCl was added in order to obtain a 0.1 

M concentration of the salt in the copolymer solution. The titration agent was a 0.1 N NaOH 

solution. The apparent dissociation constants were calculated using the Henderson-Hasselbach 

equation (2): 

pKapp = pH + log((1 ̶̶    αT) / αT)                                                                                                (2) 

where αT is the total fraction of ionized carboxylic groups, αT = αN + αH, αN being the degree of 

neutralization and αH being the degree of autodissociation. αN was calculated as the ratio [NaOH] 

/ cp, where [NaOH] is the molarity of the titrant and cp is the molarity of the primary carboxylic 

groups of the copolymer. αH was calculated as αH = ([H+]  ̶̶    [OH ̶̶   ]) / cp.  

Calculations were made separately for each of the two carboxylic groups, thus, αN varies from 0 

to 1 for each step. 

 

2.5. Determination of the lower critical solution temperature   

The LCST was determined from the dependence of the absorbance of the copolymer solution at 

450 nm on the temperature. The absorbance change was measured with an UV-Vis Specord 200 

spectrophotometer (Analytic Jena, Jena, Germany) provided with a temperature controller. The 

copolymer solution (1 %, w/v) was prepared dissolving it in distilled water, isotonic sodium 

chloride (0.9%, w/v), standard acidic solution (pH = 1.2; 64 mM HCl + 50 mM KCl), and 

standard phosphate buffer solution (PBS) (pH = 7.4; 50 mM Na2HPO4 + NaOH). The heating 

rate was programmed at 0.2 °C every 10 min. The LCST was defined as the temperature at 

which the absorbance attains the value of 0.5.  

 

2.6. Turbidimetric titration  

Fourteen mL of the DPH solution in PBS (6 mg  mL−1) were added step-by-step (each step was 

0.2 mL) to a solution of the thermosensitive copolymer dissolved in PBS (25 mL, 10 mg  mL−1). 

The temperature of the sample was set at 38 ºC. After the addition of each DHP sample, the 
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solution was allowed to react for five minutes, and then the transmittance was determined with a 

Brinkmann PC 900 turbidimeter (SUA) provided with a 20-23-634-5 type fibre optic cell. 

 

2.7. Synthesis of microgels 

The synthesis of the poly(NIPAAm-co-MAc) hydrogel was performed as follows: 1.13 g of 

NIPAAm (10 mmol), 0.098 g of MAn (1 mmol), and 0.010 g of MBAAm (0.065 mmol) were 

solubilized in 5 mL of distilled water. Dry nitrogen was bubbled through the solution for 30 min 

before polymerization. Then, the initiator (0.020 g of KPS) and the polymerization accelerator 

(30 µL of TEMED) were added, the solution was homogenized and quickly transferred into a 

syringe. The polymerization reaction was performed for 20 hours at 22  2 C, i.e. below the 

LCST of the copolymer. The resulting hydrogel was maintained for 7 days in periodically 

refreshed water to remove the un-reacted species. Afterwards, a sample of the hydrogel was 

dried by liophylization and another sample was washed with a mixture of water/acetone with 

increasing amount of acetone and dried under vacuum. The hydrogel dried by the second method 

was crushed in small particles (smaller than 220 µm).  The exchange capacity (mmol carboxyl 

groups/g hydrogel) of the hydrogel was determined by the titration method. First, the hydrogel, 

converted in the carboxylate form with 0.1M NaOH, was mixed with an excess of 0.1M HCl for 

24 hours. Subsequently, it was washed and the collected solution was titrated with a 0.1M NaOH 

solution. 

 

2.8. Morphological analysis 

The hydrogel in the swollen state was rapidly frozen in liquid nitrogen and then freeze-dried 

(−57 °C, 5.5 × 10−4 mbar) for 48 h to remove water. Then, the freeze-dried hydrogel was cleaved 

carefully and the internal morphology was analyzed by Environmental Scanning Electron 

Microscopy (ESEM, type Quanta 200, Netherlands). 

 

2.9. Swelling characteristics  

The swelling characteristics of poly(NIPAAm-co-MAc) microgels were determined under 

simulated physiological conditions (PBS at pH = 7.4) both in the presence and in absence of 

DPH. A given amount of microparticles was placed in PBS in a graduated glass cylinder (i.d. = 

12 mm). The volume of the microgels was determined at different temperatures after the 

microgels have reached equilibrium. 

The swelling degree (s) was calculated according to Equation (3): 

d

s

V

V
s =                   (3) 
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where Vs is the volume of the microparticles in the swollen state and Vd is their volume in the 

dried state. 

 

2.10. Phase transition of microgels 

Phase transition of the microgels (volume phase transition temperature, VPTT) was determined 

as the midpoint of the curve obtained by plotting the swelling degree against temperature.  

 

2.11. Swelling/collapsing kinetics 

Swelling kinetics of the poly(NIPAAm-co-MAc) microgels were evaluated in simulated 

physiological conditions (PBS at pH = 7.4) in the absence and presence of a stoichiometric 

amount of DPH. The microgels were added at equilibrium at the suitable temperature (45C) in a 

graduated glass cylinder (i.d. = 12 mm). Afterwards, the cylinder was moved into a water bath at 

4 C and the volume changes were observed periodically. The dynamic swelling ratio (qds) was 

determined according to Equation (4) [25]:  

( ) ( )d)C45(0dtds VVVVq −−=                 (4) 

where V0 (45 C) is the volume of microgels at 45 C, Vt is the volume of microgels at a given time, 

and Vd is the volume of dried microgels. 

For evaluating the collapsing kinetics, the microgels were added to PBS at 4 C and then the 

cylinder was moved into a water bath at 45 C. The dynamic collapsing ratio (qdc) was calculated 

according to Equation (5) [25]:  

( ) ( )d)C4(0dtdc VVVVq −−=                 (5) 

where V0 (4 C) is the volume of microgels at 4 C, Vt is the volume of microgels at a given time, 

and Vd is the volume of dried microgels.  

 

2.12. Statistical analysis 

All data values are presented as mean  standard deviation (Graph Pad 5.0 Software). Where 

appropriate, the deviations were calculated as the percentage of the mean value and the 

minimum and the maximum values are reported.  

 

3. Results and discussion 

3.1. Preparation and characterization of the poly(NIPAAm-co-MAc) copolymer 

Usually, a thermosensitive polymer can be used in biomedical applications if it shows a sharp 

phase transition in a narrow range of temperature, and the transition temperature in physiological 
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fluids is close to that of the human body. As previously reported [14], poly(NIPAAm) displays a 

sharp phase transition at 32 C in aqueous solutions. However, in physiological fluids that have 

different ionic strength, the phase transition of poly(NIPAAm) decreases to a lower temperature 

[22]. With the purpose to increase the LCST to that of the human body, NIPAAm has been 

copolymerized with hydrophilic monomers. Under conditions where the hydrophilic co-

monomer shows weak acidic or basic functional groups, a pH/thermosensitive copolymer is 

obtained. Here, copolymers of NIPAAm with MAc were prepared with different molar ratios 

between co-monomers (Table 1).  Taking into account the alternating copolymerization tendency 

of MA with NIPAAm [26], due to the complex formation between co-monomers (by hydrogen 

bonds), copolymerization was conducted in aqueous solution both in protonated and un-

protonated state of carboxylic groups (see Table 1). 

When the carboxylic groups of MAc are totally ionized (in the presence of NaOH), a 

homopolymer of NIPAAm is obtained (samples S2 and S4 in Table 1). However, when 

protonated MAc reacts with NIPAAm leads to the formation of a statistical pH/thermosensitive 

copolymer (samples S1 and S3 in Table 1). However, the copolymerization reactivity of MAc 

with NIPAAm is low, therefore the MAc content in copolymers is lower than that in the initial 

mixture (see Table 1 and Fig. 2).  

 

Table 1. Influence of feed composition on co-monomer ratio in the copolymer and on the LCST 

(concentration of copolymer solution was 1 %, w/v). 

Sam

ple 

Feed composition 

 10 −3 M 

(% mol ratio) 

Co-polymer composition 

(% mol ratio) 

 

LCST (C) 

 

NIPAAm MAn NaOH NIPAAm MAc determined 

by 

H2O NaCl 

0.9% 

pH= 1.2 pH = 7.4 

NMR Titration  

S0 10 0 0 100 0 0 32.40.1 29.60.1 31.20.1 29.50.3 

S1 10  

(90.9) 

1 

(9.1) 

0 95.24 4.76 4.880.2 34.90.2 32.90.2 31.70.1 No 

LCST 

S2 10 1 2 100 0 0 - - - - 

S3 10 

(83.34) 

2 

(16.66) 

0 90.5 9.5 9.30.28 35.50.2 33.20.3 32.70.2 No 

LCST 

S4 10 2 4 100 0 0 - - - - 

Data are the results of two independent experiments 
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Fig. 2. 1H-NMR spectrum of poly(NIPAAm-co-MAc) (sample S1 in Table 1)  

 

3.2. Potentiometric titration 

The potentiometric titration curve of poly(NIPAAm-co-MAc) copolymer (sample S1 in Table 1) 

together with the first derivative is presented in Fig. 3A. KCl was added in the titration solution 

in order to detect both of the neutralisation steps. The values of intrinsic dissociation constants 

(pKa1
0 and pKa2

0) were obtained from the extrapolation of pKapp = f(αT) curves at αT = 0 (Fig. 

3B). The obtained values were pKa1
0 = 3.45 and pKa2

0 = 6.09.   

 

Fig. 3. Potentiometric titration curve of copolymer aqueous solution (8.4  10−3 mol/L) (sample 

S1 in Table 1) in the presence of 0.1M KCl (panel A) and representation of pKapp function of αT 

(panel B).  

 

3.3. Phase transition characterization 

Since poly(NIPAAm-co-MAc) was prepared for biomedical applications, it is pivotal to 

determine the LCST in solution at different pH and ionic strength values simulating 
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physiological fluids. As shown in Table 1, the LCST measured in water, isotonic saline solution 

(0.9 %, w/v) or in simulated gastric juice (pH = 1.2), increases with the percentage of MAc in the 

copolymer. Moreover, in simulated intestinal fluid (PBS at pH = 7.4), the copolymer loses the 

thermosensitive properties. In fact, at this pH, the carboxylic groups of MAc in copolymer (pKa1 

= 3.45, pKa2 = 6.09), are ionized and their strong hydrophilic contribution carried out to a 

dramatic decrease of the sharpness of the phase transition (Fig. 4). 

 

Fig. 4. LCST curves of poly(NIPAAm-co-MAc) in simulated intestinal fluid (PBS at pH = 7.4), 

in the absence and in the presence of biologically active compounds. The concentration of the 

copolymer solution was 1 % (w/v). The absorbance values are the mean of three independent 

experiments that deviated 0–7 %. 

 

Remarkably, the copolymer regains thermosensitive properties (Fig. 4) when the carboxylic 

groups of MAc interact electrostatically with oppositely charged biologically active compounds 

showing a hydrophobic character, as DPH (pKa = 8.98, log P = 3.27, log S = –3.5, see Table 2). 

In fact, the drug-MAc “complex” behaves as a new co-monomer with a hydrophilic/hydrophobic 

balance different from that of the “un-complexed” co-monomer. The DPH copolymer complex, 

characterized by a low content of MAc (S1 in Table 1) shows a phase transition more sharp than 

that of the complex containing a high amount of MAc. In contrast, if the biologically active 

compound interacting electrostatically with MAc has hydrophilic character, such as KS (pKa = 

7.2, log P = −6.3, log S = −0.72), the copolymer does not regain the thermosensitive properties. 

The same behaviour was observed in the presence of the hydrophobic biologically active 

compound diclofenac (log P = 4.5, log S = −4.8), that is negatively charged (pKa = 4.15) and 

therefore does not interact electrostatically with the carboxylic groups of MAc in the copolymer. 
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Of note, the selectivity in PBS of certain compounds such as DPH can be exploited to obtain 

thermosensitive hydrogels with sensor properties.  

 

Table 2. Physico-chemical properties of biologically active compounds 

                     Property 

Drug 

pKa Log P Log S 

Diphenhydramine 8.98 3.27 −3.5 

Diclofenac 4.15 4.5 −4.8 

Kanamycin 7.2 −6.3 −0.72 

 

At pH = 1.2, simulating the gastric fluid, both carboxylic groups of MAc are in the low 

hydrophilic protonated state, therefore the samples keep a sharp phase transition (Fig. 5) at low 

temperatures (31.7 and 32.7 C for S1 and S3, respectively), even in the absence of the drug. In 

the presence of DPH, the phase transition does not change significantly because the copolymer 

does not alter considerably the hydrophilic/hydrophobic balance. However, a decrease of LCST 

is observed making the copolymer unsuitable as a drug delivery system. Moreover, the LCST of 

the copolymer in the absence and presence of DPH is well below the human body temperature.  

 

Fig. 5. LCST curves of poly(NIPAAm-co-MAc) in simulated gastric juice at pH = 1.2, in the 

absence and in the presence of DPH. The concentration of the copolymer solution was 1 % 

(w/v). The absorbance values are the mean of three independent experiments that deviated 2–

8%. 
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At pH = 5.74, the carboxylic groups are partially ionized in the isotonic saline solution. In 

addition, the ionic strength of the isotonic saline solution is about 150 mM, which is much 

stronger than that of PBS (~ 50 mM). Under these experimental conditions, the copolymer, even 

in the absence of the drug (sample S1, S2), shows a phase transition sharper than that in PBS 

(Fig. 6). Moreover, the phase transitions start at lower temperatures. After electrostatic 

interaction with DPH, the phase transition temperatures decrease to lower values. Interestingly, 

the copolymer with the highest amount of MAc and therefore with the highest LCST (sample 

S3), possesses the lowest LCST after electrostatic interaction with DPH. Therefore, under these 

experimental conditions, DPH renders MAc more hydrophobic than the proton itself. 

 

Fig. 6. LCST curves of poly(NIPAAm-co-MAc) in isotonic solution (NaCl 0.9 %), in the 

absence and presence of DPH. The concentration of the copolymer solution was 1 % (w/v). The 

absorbance values are the mean of three independent experiments that deviated 1–7 %. 

 

In conclusion, in simulated gastric fluid (pH = 1.2) the copolymers display sharp phase 

transitions both in the absence and presence of DPH, however the transitions occur below the 

body temperature. Moreover, the difference of LCST in the absence and presence of DPH is low. 

Therefore, the copolymers are not appropriate to operate in such conditions. In isotonic saline 

solution possessing a high ionic strength, the copolymers show a sharp phase transitions in the 

absence and presence of the drug. Moreover, the difference between LCST in the absence and 

presence of DPH increases with the MAc amount (sample S3). However, the transition 

temperatures are well below that of the human body and therefore the copolymers are not 

suitable for biomedical applications. In simulated intestinal fluid (PBS at pH = 7.4), the MAc is 

ionized and therefore the copolymers lose the sensitivity to temperature but regains 
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thermosensitivity after DPH binding. The phase transition of the copolymer with the highest 

amount of MAc in the presence of DPH (sample S3) is slow and spreads over a wide temperature 

range (35−40 C). On the opposite, the copolymer-DPH complex containing the lowest amount 

of MAc (sample S1) displays a sharp phase transition close to the temperature of the human 

body. This behavior in the absence and in the presence of the bioactive compound makes co-

polymer suitable for the development of biomedical drug delivery systems based on a sensor (i.e. 

MAc) that confers thermosensitive properties to the delivery component (i.e. NIPAAm). 

 

3.4. Preparation of the hydrogel 

The hydrogel of poly(NIPAAm-co-MAc) was synthesized  by cross-linking copolymerization of 

the NIPAAm and MAc following the same  procedure  developed for the synthesis of the linear 

copolymer with the exception of MBAAm, used as the cross-linker. The co-monomer:cross-

linker molar ratio was systematically tuned with the aim to introduce the minimum amount of 

cross-linker leading to a stable hydrogel with the highest swelling degree. Moreover, the 

appropriate amount of solvent was used to obtain a porous structure, generally responsible for a 

rapid swelling/deswelling rate.  

As shown in Fig. 7, the hydrogel displays a porous structure with a uniform distribution of the 

pores, the pore diameter being about 10 μm. The content of MAc in the hydrogel, determined by 

the titration method, is 0.41  0.03 mmol/g, which is close to that of the linear copolymer (0.43  

0.02 mmol/g); therefore, the cross-linker does not affect significantly the co-monomer 

composition.   

  

Fig. 7. Scanning electron microphotographs of the poly(NIPAAm-co-MAc) hydrogel dried by 

lyophilization: general view (panel A) and cross-section (panel B). The bar corresponds to 200 

and 20 μm in panels A and B, respectively.  
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3.5. Volume phase transition temperature 

The most important question after synthesis is whether the cross-linked hydrogel preserves the 

sensitivity to pH and temperature of the linear copolymer. By similarity with the LCST of the 

linear copolymer, the transition temperature of the hydrogel is called “volume phase transition 

temperature” (VPTT), and is usually determined by DSC [27] or water retention [28] at different 

temperatures. DSC gives accurate results, but the method measuring the heat resulted from the 

breaking of hydrogen bonds between the water and the copolymer [29] does not give information 

at the macroscopic level. Moreover, the water retention method can be applied to large pieces of 

hydrogel, small particles being not appropriate because of the large amount of water retained 

between them. Therefore, the determination of the VPTT was achieved by determining the effect 

of temperature on the swelling degree under simulated physiological conditions (PBS, pH = 7.4). 

As reported above, the linear copolymer does not exhibit thermosensitivity in the absence of 

DPH. Consequently, the microgels were swollen in PBS in the presence of stoichiometric 

amount of DPH, and then the swelling degree was measured as a function of temperature. As 

shown in Fig. 8, the swelling degree of the microgels in the presence of DPH decreases sharply 

around the human body temperature. On the contrary, in the absence of DPH, the microgels 

display a slightly decrease of the swelling degree. This indicates that DPH acts as a “triggering 

agent” that affects the collapse of the microgels.  

 

Fig. 8. Influence of temperature on the swelling degree of poly(NIPAAm-co-MAc) microgels in 

the absence (open circles) and in the presence of stoichiometric amount of the “triggering agent” 

DPH (filled circles). Data were obtained under simulated physiological conditions (PBS at pH = 

7.4) (n = 3).  
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3.6. Swelling/shrinking experiments 

The hydrogels for controlled drug delivery should be characterized by a very rapid response to 

the small changes of the body temperature. In fact, the rate of the swelling and collapsing 

process must be as high as possible to assure the effectiveness of drug release. As reported 

above, the microgels restore the thermosensitivity only after electrostatic interactions between 

the carboxylic groups of MAc present in the hydrogel and the tertiary amine groups of DPH. 

Consequently, a stoichiometric amount of DPH was added to interact electrostatically with MAc, 

afterwards the swelling/collapsing studies were conducted by changing the temperature around 

the VPTT.  

It is widely accepted that the swelling/collapsing rate of thermosensitive hydrogels depends on 

the rate of water diffusion in/out the hydrogel network [30]. Since the rate of water diffusion 

depends on the size and the porosity of the hydrogel, the smaller and more porous are microgels, 

faster is the water diffusion and therefore larger is the swelling/deswelling rate. On these bases, 

the poly(NIPAAm-co-MAc) hydrogel was first dried and then crushed in micrometric particles 

(< 220 μm). A highly porous structure of the hydrogel was also obtained by using low amounts 

of the cross-linker (Fig. 7). As a result, when the temperature changes around the critical 

temperature, the swelling process of microgels, in the presence of DPH, occurred rapidly with a 

sharp transition in the first 3 minutes (Fig. 9, panel A). Of note, data shown in panel A display a 

two-step time course; the first step is mono-exponential (see panel B) and the second step is 

apparently linear.  

In the presence of DPH, the overall swelling kinetics is faster; in fact, the slope (= 0.05) of the 

linear step is steeper than that observed in the absence of DPH (slope = 0). However, the rate 

constant of the initial monophasic step is independent of DPH (k = 0.64 min−1 and k = 0.61 min−1 

for swelling in the absence and in the presence of DPH, respectively). In contrast, the amplitude 

of the initial monophasic process is very different (Y0 = 0.42 and 2.6 for swelling in the absence 

and in the presence of DPH, respectively).  

Interestingly, values of the collapsing rate are higher than those of the swelling rate because the 

water is expelled mechanically during the collapse of microgels. Moreover, the collapsing 

process is facilitated by DPH (Fig. 9, panel C), in particular, the collapsing rate constant is three 

times higher in the presence than in the absence of DPH (k = 0.014 sec−1 and k = 0.0046 sec−1, 

respectively).  

Both swelling and collapsing processes show a lag time of about 30 s (Fig. 9, panel B, C) that 

reveals the time needed to equilibrate the temperature of samples at 45 C or 4 C upon shifting 

the temperature from 4 C to 45 C and vice versa.  
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Fig. 9. Swelling (panels A and B) and collapsing (panel C) kinetics of poly(NIPAAm-co-MAc) 

microgels in the absence (○) and in the presence of a stoichiometric amount of DPH (●), under 

simulated physiological conditions (PBS, pH = 7.4); (n = 3). Data show in panel A display two-

step time courses. The first step is mono-exponential (see panel B) and the second step is 

apparently linear. The continuous lines shown in panel B were calculated according to the one-

phase exponential decay equation: Y = Span  exp(-k  X) + Plateau, where Span = Y0 − 

Plateau (GraphPad Prism version 5.0, GraphPad Software, San Diego California USA, 



 17 
 

www.graphpad.com), with the following sets of parameters: (○) Y0 = 0.42, plateau = 0, and k = 

0.64 min−1; and (●) Y0 = 2.6, plateau = 0, and k = 0.61 min−1. Data shown in panel C were 

calculated according to the one-phase exponential decay equation with the following sets of 

parameters: (○) Y0 = 1.0, plateau = 0.66, and k = 0.0046 s−1; and (●) Y0 = 1.0, plateau = 0.19, 

and k = 0.014 s−1. In panel B and C, the lag time of about 30 s reflects the time, which is 

necessary to reach the desired temperature (for details see text). 

  

The swelling/shrinking process of microgels was investigated only in the presence of a 

stoichiometric amount of DPH (carboxylic/amino groups molar ratio = 1:1). Is this ratio always 

necessary for complete shrinking of the hydrogel? Could smaller amounts of DPH induce a 

similar effect? In order to determine the relationship between the MAc:DPH molar ratio and the 

thermosensitivity of the hydrogel, a turbidimetric titration of linear copolymer in the presence of 

increasing amounts of DPH was performed at a temperature situated above the LCST of the 

copolymer-drug complex (Fig. 10).  

 

Fig. 10. Turbidimetric titration of linear poly(NIPAAm-co-MAc) (sample S1, Table 1) with DPH 

(6 mg  mL−1) in simulated physiological conditions (PBS, pH = 7.4) at 38 C. 

 

As shown in Fig. 10, the addition of increasing amounts of DPH provokes an almost linear 

decrease of transmittance of the copolymer solution, at least until three quarters of the carboxylic 

groups were complexed by DPH. Of note, the transmittance decreases with about 75 % after the 

addition of half from the stoichiometric amount of DPH. This degree of complexation is 

sufficient to generate in the hydrogel a strong collapse, causing finally the release of a given 
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dose of drug. The complexation of the residual half of the carboxylic groups with DPH 

determines a decrease of the transmittance with about 25 %.  

The induction of thermosensitivity after the electrostatic interactions of carboxylic groups with 

positively charged molecules with hydrophobic character confers sensor properties to the 

microgels. The carboxylic groups are able to “interact” with such selected compounds and to 

alter the hydrophilic/hydrophobic balance of the hydrogel conferring thermosensitivity. The pH-

sensitive units act as a “sensor” and the thermosensitive hydrogel as a “delivery component”. 

Unlike common thermosensitive hydrogels that collapse after increasing the temperature, this 

system is “activated” at normal body temperature, exclusively after interaction with the 

“triggering agent”. Therefore, the triggering agent plays the major role in controlling the 

thermosensitivity of the hydrogel. The hydrogel, this time, no longer use temperatures changes, 

but still uses temperature to collapse only after electrostatic interaction with the triggering agent. 

The triggering agent could also be the proton (H+) when the surrounding physiological fluids are 

slightly acidic below the pKa of MAc. A schematic representation of the operating principle of 

such a smart hydrogel, used as implants, in different simulated physiological fluids (isotonic 

solution of pH = 5.7 and PBS, pH = 7.4) was proposed in Fig. 11A and B, respectively.  Also, an 

animation of how this system works is presented in Supplementary material. 

For the experiment in isotonic solution, the microgels are added in carboxylate form at pH = 7.4 

(Fig. 11A (a)) to obtain their swollen state, then they are loaded by electrostatic interactions with 

an opposite charged drug molecule (Fig. 11A (b)). The drug must have hydrophilic properties to 

not cause the collapse of the hydrogel. When the pH of the surroundings decreases at around 5.7, 

the H+ species displace the drug and protonate the carboxylate groups. After protonation, the 

microgels become thermosensitive (see also Fig. 6) and collapse, pushing out the free drug (Fig. 

11A (c)). In PBS at pH = 7.4 (Fig. 11B(a)) at normal body temperature (36 C) the microgels are 

in the swollen state. As in the first case, the microgels were loaded with the drug by ionic 

interactions (Fig. 11B (b)). In this state, the microgels are in the “un-activated” state because 

they do not collapse even if the temperature increases to T > 36 C (see also Fig. 4). However, 

when the hydrophobic triggering agent (DPH) displaces the drug, the microgels become “active” 

(Fig. 11B (c)) and a dramatic shrinkage of the microgels occurs releasing the drug (Fig. 11B (d)). 

In both cases, the electrostatic interactions between carboxylate groups and drug should be 

weaker than those between carboxylate and proton or triggering agent. In this way, the drug is 

undoubtedly displaced. Moreover, the drug must be chosen in such a manner, so as not to cause 

the collapsing of the microgels. 
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Fig. 11. Schematic representation of the operating principle of poly(NIPAAm-co-MAc) 

microgels in simulated physiological fluids: isotonic solution at pH = 5.7 (panel A) and PBS at 

pH = 7.4 (panel B). 

 

 

4. Conclusions 

pH/temperature-sensitive poly(NIPAAm-co-MAc) copolymer with appropriate co-monomer 

ratio was synthesized  to investigate the effect of pH and temperature of the human body in 

controlled drug delivery. Due to the ionization of carboxylic groups in physiological fluids at pH 

= 7.4, the copolymer loses its thermo-sensitive properties. However, when these negatively 

charged groups of the copolymer interact electrostatically with protons or positively charged 

amino groups of drugs with hydrophobic character (e.g. DPH), the copolymer recovers its 

thermo-sensitive properties. In a similar way, the microgel obtained from this copolymer is in the 

swollen state at pH = 7.4 (inactive form). When the carboxylic groups of the microgel interact 

electrostatically with DPH (taken as the triggering agent), the microgels undergo activation and 
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release the drug.  This drug delivery system consists of a sensor (pH-sensitive units) able to 

interact electrostatically with some biologically active compounds and to confer 

thermosensitivity to a hydrogel with the role of an actuator.  
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