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Biocompatible thermo-responsive N-vinylcaprolactam based hydrogels for 
controlled drug delivery systems
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Abstract: The treatment of several diseases requires drugs commonly administered orally or intravenously. Said administration 
has several drawbacks, such as low control of the necessary drug levels in plasma, making the treatment ineffective and, 
furthermore, side effects and low compatibility with the patient. Recently, the use of stimuli-responsive hydrogels in controlled 
Drug Delivery Systems (DDSs) has been considered an excellent alternative because of its inherent biocompatibility, 
responsiveness to physiological changes in the body, and diversity of both natural and synthetic material options. The present 
work focuses mainly on the synthesis, characterization, and drug release capacity of poly (N-vinyl caprolactam) (PVCL) and poly 
(N-vinyl caprolactam) microgels crosslinked with various concentrations of poly (ethylene glycol) diacrylate (PEGDA), which 
show temperature stimuli-responsiveness near the physiological temperature of the human body. For that reason, changes 
in the average hydrodynamic particle diameter at different temperatures are estimated and correlated with the drug release 
rate. The model drug chosen for releasing studies is colchicine, a potential drug for gout disease treatment, currently in disuse 
because of its low therapeutic index. It is expected that the use of the control release procedure by drug encapsulation in this 
polymer overcomes this drawback.  The synthesis of PVCL homopolymer and three VCL-co-PEGDA hydrogels varying the PEGDA 
crosslinker concentration was successfully carried out by emulsion polymerization. Their characterization was performed by 
DLS and FTIR spectroscopy. Polymerization yields were estimated by total solids analysis, and UV-VIS determined the cloud 
points. Finally, the drug loading and release over time were monitored by HPLC and UV-VIS spectroscopy showing that drug 
release profiles obtained corresponded to a sustained drug delivery system.
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Introduction
The hydrogel's swelling behavior allows the hydrogel 

to absorb a water volume, which penetrates the gel matrix, 
causing gel-solvent interactions to be stronger than gel-gel 
interactions. Nevertheless, it does not mean that the water ex-
plicitly dissolves the polymer1–4. Dušek and Patterson5 argued 
that it is possible to control the swelling property reversibly 
with external condition changes, such as physical or chemical 
stimuli. Recently, thermo-responsive gels are one of the most 
studied hydrogels due to their physiological importance, sin-
ce they can take advantage of the temperature difference be-
tween the environment, the human body (37°C), the presence 
of fever (>37.5°C), or the presence of an intratumoral environ-
ment (40–44°C)6,7. For these reasons, they have an excellent 
performance for cancer therapy7, transdermal drug therapy8, 
and oral drug delivery9. Thermo-sensitive hydrogels exhibit a 
phase transition when there is a change in temperature, so gel 
volume increases or decreases depending on having an Upper 
Critical Solution Temperature (UCST) or Lower Critical Solu-
tion Temperature (LCST)10,11.

In particular, LCST hydrogels present an interesting phase 
separation when heating the system above a specific tempera-
ture named LCST (Figure 1). Below LCST, the polymer chains 
interact with water by H-bonding, so the hydrogen bond energy 
predominates in the system, and the polymer is miscible in the 
water showing a swollen state (single-phase). Upon heating, 
the hydrogen bond interactions become weaker, while poly-
mer-polymer hydrophobic interactions become more robust 
due to the molecular agitation, and polymer phases out of the 
solution. That phase transition is visually perceptible becau-

se the solution passes from transparent to turbid. In this way, 
LCST polymers are excellent candidates to design polymeric 
particles for controlled, targeted, and sustained drug delivery 
on the nanometric scale, also called nanocarriers12. The relea-
se mechanism for drug delivery consists of (1) the encapsula-
tion at temperatures below LCST and (2) the delivery when the 
polymer shrinks at a temperature above LCST. 

One of the synthetic LCST hydrogels most studied is the 
poly (N-isopropyl acrylamide) (PNIPAM), a vinyl polymer with 
secondary amide pendant groups that shows an LCST around 
32°C. However, this polymer induces cellular cytotoxicity at 
37°C, and the secondary amide group can produce toxic ami-
nes if hydrolysis occurs. Consequently, it is not biocompati-
ble13. Thus, it has been a challenge to develop a biocompatible 
thermo-responsive hydrogel, and poly(N-vinyl caprolactam) 
(PVCL) based polymers are considered an excellent alterna-
tive to PNIPAM for controlled and biocompatible drug delivery 
systems.

PVCL shows a similar LCST near 32°C14,15. Additionally, 
Vihola et al.13 demonstrated that cell cultures successfully to-
lerated PVCL polymer after three hours of incubation, at con-
centrations in the range of 0.1–10.0 mg/ml, at room tempera-
ture and physiological temperature (37°C). Therefore, PVCL is 
biocompatible13–16.

Many researchers have been developing hydrogels based 
on PVCL because of the reversible volume transition from mi-
cro- to nano-scale12,17–20.

This work aims to synthesize PVCL-based polymers to 
obtain suitable nanocarriers for drug delivery applications. 
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PEGDA is the chosen crosslinker due to its biocompatibility, 
hydrophilicity, and ability to prevent protein adsorption and 
cell adhesion21–23. In the present work, the model drug for drug 
release studies is colchicine due to the critical application for 
gout treatment and its low therapeutic index24, which motiva-
tes to overcome this limitation.

Methods 

Materials

Monomers
N-vinyl caprolactam (VCL; Sigma Aldrich, 98%), and 

Poly(ethylene glycol) diacrylate (PEGDA; Sigma Aldrich, Mn 
250 g/mol). Initiator: ammonium persulfate (APS; FMC Cor-
poration,>99%). Emulsifier: sodium dodecyl sulfate (SDS; 
STEOL®CS-230 Stepan). Buffer: sodium hydrogen carbonate 
(Sigma-Aldrich, ≥99.7%) used as provided. Colchicine (Sig-
ma Aldrich ≥ 95%), potassium dihydrogen phosphate (Fisher 
Scientific, 99.6%), and methanol (LiChrosolv®, HPLC grade) 
were also used as provided. All aqueous solutions were prepa-
red with double deionized water (DDI) produced by aDirect-Q®3 
UV Water Purification System.

Synthesis of hydrogels
Four thermo-responsive microgels, one PVCL homopoly-

mer, and three poly(N- Vinylcaprolactam -co-PEGDA) copoly-
mers were synthesized by emulsion polymerization of VCL and 
PEGDA in a flat bottom flask equipped with a reflux condenser, 
using PEGDA as a crosslinker, SDS as an emulsifier, APS as 
initiator, and sodium hydrogen carbonate as a buffer (Figure 2). 

Once the monomers, emulsifier, and buffer were loaded, 
the system was heated to 70°C and stirred at 350 rpm. Then, 
the initiator was added, and after a short period, the reaction 
system became turbid, showing that polymerization began. 
The reaction was allowed to continue for 7h with stirring at 
70°C . Once polymerization finished, the reaction was allowed 
to cool down to room temperature and stirring continued for 
12h to avoid agglomeration. The final products were dialyzed 
against DDI water at least three times a day to remove unre-
acted reagents and impurities until the solvent showed con-
ductivity of DDI (1.7μS). Recipes and reaction conditions are 
resumed in Table 1.

Figure 1. Phase diagram of LCST thermo-responsive hydrogels.

Figure 2. Scheme of VCL-PEGDAx synthesis reaction.

Table 1. Polymerization conditions and reaction conversion.

Total Solids (TS) Analysis
The concentration of hydrogels was estimated by Total 

Solids (TS) analysis by weighing the solid present in a known 
volume of a purified hydrogel. The analysis was carried out by 
weighing a Petri dish, filling it with a known hydrogels volume, 
and evaporating the water in a drying oven at 105°C for 2h to 
constant weight. Finally, the Petri dish was weighted, and con-
centration (C) of purified hydrogels was calculated by Equation 
(1), Where mi is the weight of the empty Petri dish, mf is the 
weight of Petri dish with residual gel, and V is the volume of 
hydrogel added. 
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The yield of polymerization was calculated gravimetrica-
lly by Equation (2), where CTS is the concentration of hydrogels 
obtained from total solids (TS) analysis, and CTS, theoretical is the 
theoretical total solids of hydrogels.

tions of 2, 5, 15, 16, 20, 40, 65, 100 μg/mL were also prepared. 
Two calibration curves were constructed over the concentra-
tion ranges of 2-20 and 5-100 μg/mL, both with five concentra-
tion levels. Chromeleon™ Chromatography Data System Sof-
tware was used to obtain the corresponding calibration curves.

Drug Uptake Studies
The method was to take 9 mL of the hydrogel, placed it 

in a 50 mL glass recipient, and dry at 50 °C. The dried hydro-
gel was allowed to swell in 5 mL of drug solution (1000 μg/
mL). The mixture was sonicated for 20 min at RT and allowed 
to stand for 48 h to reach equilibrium. Then, the mixture was 
subjected to dialysis overnight to remove the non-loaded drug 
from the system. Posteriorly, the dialysate solution was reco-
llected, filtrated with 0.45 μm syringe filters, and quantified 
by the analytical method previously described. Thus, the % of 
drug loading (DL) and encapsulation efficiency (EE) was deter-
mined using Equation (3) and Equation (4), respectively, where  
is the mass of hydrogel in the encapsulation process,  is the 
encapsulated drug, and  is the total amount of drug initially 
added.

Characterization and Methods

Dialysis
Purification of hydrogels and drug uptake/delivery sys-

tems were carried out by dialysis against DDI water using Ca-
rolina ™ Dialysis Tubing (MWCO: 12.000 - 14.000 Daltons) as a 
dialysis membrane.

ATR-FTIR Spectroscopy
An Attenuated Total Reflectance Fourier Transformed In-

frared (ATR-FTIR) Agilent Cary 630 spectrometer was used to 
characterize the obtained polymers. Measurements were ca-
rried out for PVCL, VCL-PEGDAx hydrogels, VCL and PEGDA 
dried samples.

Cloud Point Determination
The cloud point (or LCST) of hydrogels was determined by 

a ZUZI® 4211/50 spectrophotometer monitoring the hydrogel's 
light transmittance upon cooling the hydrogels from 40°C un-
til room temperature. The measurements were performed at 
650 nm to avoid the  absorbance of light by the polymeric gels. 
The temperature was recorded with a  digital thermometer.

Particle Size Determination
The mean particle diameters of hydrogels' aqueous dis-

persion were measured by Dynamic Light Scattering (DLS) 
method using a BI-90 Plus Brookhaven Instrument Corporation 
particle size analyzer. The device was equipped with a stan-
dard solid state laser light source (35 mW and 659 nm).

All measurements were carried out five-times at two tem-
peratures (RT and T >LCST) to give an average hydrodynamic 
diameter and size distribution. The plastic cuvette was filled 
with approximately 1 mL of the hydrogels previously purified 
by dialysis. The mean particle diameter and polydispersity in-
dex (PDI) parameters were calculated using ZetaPlus Particle 
Sizing Software. Two Nanosphere™ size standards were used: 
(1) 90 nm (Duke Scientific Corporation), and (2) 20 nm (Thermo 
Scientific).

High-Pressure Liquid Chromatography (HPLC)
An UltiMate 3000 HPLC apparatus equipped with an au-

tosampler, a quaternary pump, a column compartment, and a 
UV-VIS detector was used as a drug uptake/release analytical 
method. The analysis was carried out using a reverse-phase 
Hypersil GOLD™ (150 mm 4.6 mm, 5 μ particle size) C-18 co-
lumn. The mobile phase was prepared by mixing potassium 
dihydrogen phosphate (450 mL, 6.8 g/L) and methanol (530 
mL).25 The mixture was cooled to room temperature and 
made up to 1000 ml with methanol. Then, the pH was adjus-
ted to 5.5 with diluted phosphoric acid. The final mixture was 
filtered through Titan 47 mm Membrane Disc filters. The mo-
bile phase flow rate was 1.0 mL/min, and the injection volume 
was 20 μL. The column temperature was kept at 30 °C, and 
detection was carried out at 254 nm.

Standard solutions and calibration curves
A standard stock solution of colchicine (1000 μg/mL) was 

prepared. From this stock solution, standards with concentra-

Drug Release Studies
The previously dialyzed solutions were placed in a dialysis 

membrane and again dialyzed to release the drug against DDI 
water (35 mL) at approximately 38°C; this is above the LCST. 
At regular intervals of time, dialysates containing the released 
drug were collected in test tubes. After every sample collec-
tion, the solvent was refreshed. Finally, all recollected sam-
ples were filtered with 0.45 μm syringe filters and quantified 
by the previously described HPLC analytical method.

Results and Discussion
One PVCL homopolymer and three poly(VCL-co-PEGDA) 

water-soluble hydrogels were synthesized by emulsion poly-
merization with different crosslinker amounts (2, 4, 8 wt. %) 
relative to the VCL monomer. During the reactions, the appea-
rance of turbidity was observed with the APS initiator's addi-
tion, showing that polymerization started. After 7h of reaction, 
the polymers were cooled down, and turbidity slowly disappea-
red. The transition to transparency from turbidity confirmed 
that volume phase transition had occurred, and the resulting 
polymer materials were thermo-responsible26.

Once polymerization had been finished, the hydrogels 
were purified by dialysis to remove unreacted reagents until 
dialysate showed conductivity of DDI water (1.7 μS), approxi-
mately. The polymerization reactions show relatively good 
yields as can be appreciated in Table 1

ATR-FTIR Studies
The chemical structure of the poly (VCL-co-PEGDA) hy-

drogels was confirmed by ATR-FTIR spectroscopy. The cha-
racteristic peaks of VCL monomer, PEGDA crosslinker, and 
VCL-PEGDAx (x = % crosslinker amount) hydrogels are listed 
in Table 2. 
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In the FTIR spectrum of the monomer VCL (Figure 3a), it 
can be observed the characteristic vinyl peaks of =C-H stret-
ching at 3160 and C=C stretching at 1659 . The characteristic 
peak of carbonyl (C=O) stretching for an amide group is gene-
rally found at 1700-1640 . Cyclic amides (lactams) decrease 
the C=O frequency for increasing ring size. Indeed, in the mo-
nomer spectrum, C=O is shown at a lower frequency (1621 ) 
due to the 7-membered lactam

Figure 3b shows the characteristic peaks of the cross-
linker PEGDA. In general, the C=O stretching band of an es-
ter group appears at 1750-1735 . Conjugation of the carbonyl 
group with , unsaturations shifts the stretching C=O vibration 
by about 15 to 25 to lower frequencies, and C=C vibration to 
lower frequency, too. Thus, the C=O band of the ester groups 
is found at 1719 and C=C stretching band at 1636

The FTIR spectra of VCL based hydrogels are shown in 
Figure 3c. PVCL corresponds to N-vinyl caprolactam (VCL) ho-
mopolymer, while VCL-PEGDAx (x=2,4,8) corresponds to the 
copolymer of VCL and PEGDA   with 2, 4, and 8 % of PEGDA.

The FTIR spectra of PVCL homopolymer and VCL-PEGDAx  
(x=2,4,8) polymers are shown in Figure 3c. The Four spectra 
showed the  absence of C=C stretching (1659 ), =CH stretching 
(3100 ), and C=C out-of-plane bending (992 ) in comparison to 
the monomer VCL spectrum, indicating that  polymerization 
occurred. The intense C=O stretching band of the VCL amide  
group is shown at ~1610 , and the C-N stretching at ~1477 
in all spectra. Both peaks  showed a displacement to lower 
frequencies compared to monomer VCL that might  be due to 
the changes in the molecules' conformation and interaction of  
molecules upon polymerization. , The C=O (ester) stretching 
band at ~1730 , and its displacement to higher frequency in-
dicates the absence of  conjugation, and that it could be as-
sociated with the presence of  crosslinking  on VCL-PEGDA 
hydrogels.

Thermo-responsiveness Studies
During the synthesis process, copolymers showed a phase 

transition from turbid to transparent solutions when cooling 
down. For this reason, turbidity measurements were carried 
out to estimate the cloud point temperatures (also called 
LCST) of hydrogels at 650 nm. Figure 4 shows the transmit-
tance curves of PVCL and VCL-PEGDAx hydrogels, and Table 
3 resumes the LCST values of hydrogels.

According to the literature, the LCST can be defined as 
the temperature at which the polymer solution becomes tur-
bid, so it has a transmittance closer to 0%. For poly(N-vinyl 
caprolactam) (PVCL), the LCST value is reported between and 
is slightly affected by the concentration. On the other hand, 
polyethylene glycol (PEG) derivatives present LCST values 
around in water. However, it can be said that the use of PEGDA, 
a derivative of PEG, as crosslinker influences LCST values27,28 
as observed in the present work. 

Thus, PVCL showed a sharp phase transition at LCST va-
lue, which is in good agreement with the literature12. VCL-PEG-
DA2 showed a similar phase transition behavior but slightly 
higher LCST value at, while VCL-PEGDA4 and VCL-PEGDA8 
showed a continuous phase transition over a broad tempera-
ture range from 29 to 32 °C and the LCST values, according to 
the 0% transmission criteria are and , respectively.

Particle Size Studies
The thermal-responsiveness studies demonstrated that 

PVCL and VCL-PEGDAx hydrogels show a phase transition 
LCST when the aqueous solution's temperature is around 32 
°C. Thus, above LCST the polymer collapses going out of phase 
and this has been attributed to polymer-polymer hydrophobic 
interactions overcoming hydrogen bonding in the polymer-sol-
vent interactions. On the other side, below LCST, VCL-based 
hydrogels swell, and this can be attributed to hydrogen bon-
ding governing the polymer-solvent interactions6,29. Sample 
VCL-PEGA4 presents a considerable size, which might be as-
sociated with aggregation phenomena.

Table 4 shows the mean particle size of PVCL and 
VCL-PEGDAx polymers at temperatures below and over LCST. 
As shown below, LCST the gels showed random values of ave-
rage particle size concerning crosslinker concentration; howe-
ver, these values are much higher than particle size values 
above LCST. In general, a decrease in particle size for PVCL 
and VCL-PEGDAx hydrogels is observed when the temperatu-
re rises above the previously determined LCST, which supports 
the phase transition from swollen to a collapsed state. The 
mean particle size above LCST does show some differences 
within the same order of magnitude, and the observed trend is 
a decrease in mean particle size when the PEGDA crosslinker 
amount is increased. It has been reported that PEGDA acts as a 
polymer surfactant stabilizer22 and causes that polymer-poly-

Table 2. ATR-FTIR Peak as-
signments for VCL, PEGDA, 
PVCL and for VCL-PEGDAx 
copolymers.

Table 3. Lower Critical Solution Temperature (LCST) values 
for PVCL and VCL-PEGDAx polymers.

Table 4. Mean particle size of PVCL and VCL-PEGDAx poly-
mers at T < LCST and at T > LCST.

Biocompatible thermo-responsive N-vinylcaprolactam based hydrogels for controlled drug delivery systems



1716

Figure 3. ATR-FTIR spectra of (a) VCL, (b) PEGDA, and (c) VCL-PEGDAx.
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mer interactions overcome polymer-solvent interactions. The-
refore, the presence of PEGDA, due to this stabilization effect, 
might contribute to the decrease in the mean particle size of 
VCL-PEGDA copolymers.

Uptake and Release Studies
Colchicine loading and encapsulation efficiency of PVCL 

and VCL-PEGDAx hydrogels are shown in Table 5. As can be 
observed, the drug loading did not change meaningfully by the 
crosslinker addition, ranging from (1.1 ± 0.2) % to (1.7 ± 0.2) %. 
On the other hand, the encapsulation efficiency tends to de-
crease when the crosslinked amount increases.

rresponding to PEGDA crosslinker content of 8, 4, and 2 wt. %, 
respectively. As previously commented, this trend can be as-
sociated with more collapse polymer and smaller gel average 
particle size with higher polymer PEGDA crosslinker content. 
This is in agreement with the polymeric surfactant stabiliza-
tion effect previously mentioned22. PVCL as a homopolymer 
with a different chemical structure does not show a large 
particle size contraction, however it has a good drug release 
comparable to gel VCL-PEGDA4 and above gel VCL-PEGDA2. 

It has been stated that smart hydrogels are recommen-
ded in the following situations: (a) a sustained constant con-
centration of the drug in the body is desired, (b) the bio-active 
compound has a very short half-time, (c) the drug has strong 
side-effects or stability problems, (d) it is necessary to achieve 
better patient compliance, and (e) the drug has to be taken in 
frequent dosage30. The design of the hydrogels prepared in this 
study fulfills the requirement of a sustained release of the col-
chicine as a drug with a low therapeutic index24. Similar drug 
release profiles have been observed for other PVCL-based hy-
drogels9,17,29,31.

Conclusions
Four thermo-responsive polymeric hydrogels were syn-

thesized through emulsion homopolymerization of N-vinyl ca-
prolactam and copolymerization of VCL and PEGDA, the latter 
acting as the crosslinker. FTIR results confirmed the chemical 
structures of the above-mentioned polymeric hydrogels. The 
cloud point determination of all four VCL based hydrogels 

Figure 4. Transmittance curves as a function of temperature for VCL-PEGDAx.

Table 5. Drug Loading (% DL) and Encapsulation Efficiency (% 
EE) of VCL-PEGDAx hydrogels.

The drug release profiles for the colchicine-loaded PVCL 
and VCL-PEGDAx hydrogels are shown in Figure 5. In general, 
a sustained release was obtained for all VCL-PEGDA hydroge-
ls used in this study. They showed a gentle slope at the begin-
ning, followed by a plateau whose appearance and maximum 
value depends on the hydrogel composition.

Thus, the maximum % of cumulative release appears to 
be a function or crosslinker content in the hydrogel and follows 
this order: VCL-PEGDA8 > VCL-PEGDA4 > VCL-PEGDA2, co-

Biocompatible thermo-responsive N-vinylcaprolactam based hydrogels for controlled drug delivery systems
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showed values around 32°C, related to their LCST, and confir-
med their thermo-responsive behavior. As shown by the cloud 
point values, the phase transition is slightly affected by the 
crosslinker amount in the polymeric hydrogel. For PVCL and 
low crosslinked VCL-PEGDA2 a sharp phase transition is ob-
served, while for the higher content of PEGDA, VCL-PEGDA4, 
and VCL-PEGDA8, continuous phase transition over a wide 
temperature range is observed.

A sustained release was observed for PVCL and VCL-PEG-
DAx hydrogels. The hydrogel containing the lower amount of 
PEGDA showed a better drug loading capacity, while the incre-
ment of PEGDA crosslinker contributes to a better drug relea-
se profile. The maximum % of cumulative colchicine release 
appears to be a function of crosslinker content in the hydrogel 
and follows the following order: VCL-PEGDA8 > VCL-PEGDA4 
> VCL-PEGDA2. This trend can be associated with a more co-
llapsed gel state and smaller mean particle size with higher 
PEGDA crosslinker content in the polymer. Similar drug relea-
se profiles have been observed for other PVCL based hydroge-
ls reported in the literature9,29,31,32.
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