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contact mode. Topography measurements were conducted using standard probehand with an 

ACTA probe with tip length around 15 µm. XEP and XEI (Park Scientific Instruments) software 

packages were used for data acquisition and image processing respectively. 

5.2.3. Determination of LCST Temperature by QCM-D Analysis 

Quartz Crystal Microbalance with Dissipation (QCM-D) 

The accurate determination for the LCST temperature is a key factor to better understand the 

effect of the cross-linker and the different copolymers in the thin film behavior. QCM-D (Model 

E1, Q-Sense) were used to evaluate the hydrogels, triplicate coated sensors were analyzed. 

A QCM (Standford Research Systems 2004) consists of a thin quartz disc sandwiched between 

a pair of electrodes. Due to the piezoelectric properties of quartz, it is possible to excite the 

crystal to make it oscillate by applying an AC voltage across its electrodes. In general, the 

electrodes are made of gold, which can be coated with a wide range of different materials.  

 

Figure 5.3. QCM-D image. Model E1 from Q-Sense 

 

The resonance frequency (f) of the sensor depends on the total oscillating mass, including 

water coupled to the oscillation. When a thin film is attached to the sensor, the frequency 

decreases. If the film is thin and rigid the decrease in frequency is proportional to the mass of 

the film. In this way, QCMs operate as a very sensitive balance. The mass of the adhering layer 
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is calculated by using the Sauerbrey relation. Where C is a constant for the quartz crystal and n 

is the overtone number.  

 

In most situations the adsorbed film is not rigid and the Sauerbrey relation becomes invalid. A 

film that is "soft" (viscoelastic) will not fully couple to the oscillation of the crystal; 

Sauerbrey relation will underestimate

sensor's oscillation. The damping or energy dissipation 

the film's softness (viscoelasticity).

Figure 5.4. Real-time response of (A) frequency and (B) dissipation

 

The modified sensors were placed in the flow cell with PBS buffer solution flowing at a rate of 

50 µL/min. The chamber temperature was controlled with a Peltier heating element and was 

programmed to change the temperature 

responsive Behavior of pNIPAAm Thin Film Hydrogels 

is calculated by using the Sauerbrey relation. Where C is a constant for the quartz crystal and n 

25 = 	+ ∙ ∆8
�  

In most situations the adsorbed film is not rigid and the Sauerbrey relation becomes invalid. A 

film that is "soft" (viscoelastic) will not fully couple to the oscillation of the crystal; 

underestimate the mass at the surface. A soft film dampens the 

sensor's oscillation. The damping or energy dissipation (D) of the sensor's oscillation 

the film's softness (viscoelasticity). 

time response of (A) frequency and (B) dissipation (QSense n.d.)

sensors were placed in the flow cell with PBS buffer solution flowing at a rate of 

The chamber temperature was controlled with a Peltier heating element and was 

programmed to change the temperature at a rate of 1 oC/min, the films were 
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is calculated by using the Sauerbrey relation. Where C is a constant for the quartz crystal and n 

Equation 5.1. 

In most situations the adsorbed film is not rigid and the Sauerbrey relation becomes invalid. A 

film that is "soft" (viscoelastic) will not fully couple to the oscillation of the crystal; hence the 

A soft film dampens the 

(D) of the sensor's oscillation reveals 

 

(QSense n.d.) 

sensors were placed in the flow cell with PBS buffer solution flowing at a rate of 

The chamber temperature was controlled with a Peltier heating element and was 

, the films were assessed from 25 
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oC to 55 oC and from 55 oC to 25 oC. During the first 5 min the temperature was maintained at 

25 oC to assure that the film reached full equilibrium. This step is meant to avoid that the 

swelling process interfered in the LCST transition. Changes in both frequency and dissipation 

for harmonics of all orders (1, 3, 5, 7, 9, 11, and 13) were recorded to provide the whole 

information profile but only the data for the seventh harmonic is shown due to the good 

agreement between all of them. There is an inherent linear dependency of the QCM-D system 

on temperature (Ishida & Biggs 2007), so data obtained from blank crystal and from a film with 

no LCST transition were compared with thermo-responsive films to get the difference and 

obtain the LCST information. 

5.2.4. Bacterial Adhesion, Proliferation and Detachment on Thermo-responsive Films 

To test whether pNIPAAm films could achieve an improvement on the design of surfaces with 

bacterial resistivity, two different experimental series were performed. The experiments were 

designed to study bacterial adhesion on thermo-responsive hydrogels above and below their 

LCST. Both changes were studied, the first experimental setting monitored bacterial adhesion 

after transition of the hydrogel from its swollen to its collapsed state, thus bacterial cultures 

were first incubated at 37 oC and subsequently at 27 oC. In the second set of experiments, the 

influence of the hydrogel transition from collapsed to swollen state on bacterial adhesion was 

studied; thereby samples were first incubated at 27 oC and subsequently at 37 oC. Table 5.2. 

shows experimental conditions and Figure 5.5. represents the followed protocol schematically. 
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Table 5.2. Experimental conditions

Samples with number 1 were first incubated at 37oC and then at 27oC. Samples with number 2, the

incubated temperatures were swapped. Letter N was used for modified samples and B for unmodified

 

Figure 5.5. Schematic representation of the followed protocol to test pNIPAAm surfaces.

 

Staphylococcus epidermidis, gram

adhesion studies. S. epidermidis

placed within the body, such as catheter and prosthesis so it is a ma

application, therefore it is a relevant colonizing micro

Prior to each experiment, a fresh bacterial suspension 

(OD600) between 0.2-0.3 was prepared from bacterial cells grown in nutrient 
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Experimental conditions for all the samples incubated. 

Samples with number 1 were first incubated at 37oC and then at 27oC. Samples with number 2, the

incubated temperatures were swapped. Letter N was used for modified samples and B for unmodified

 

Sample 

Name 

1
st

 Temp. 

(
o
C) 

2
nd

 Temp. 

(
o
C) 

N1 37 27 
PS1 37 27 
N2 27 37 
PS2 27 37 

Schematic representation of the followed protocol to test pNIPAAm surfaces.

, gram-positive bacteria, was selected to perform bacterial 

S. epidermidis is a bacterial strain that is known to form biofilms on devi

placed within the body, such as catheter and prosthesis so it is a major concern in this 

application, therefore it is a relevant colonizing micro-organism for the scope of this thesis. 

Prior to each experiment, a fresh bacterial suspension with an optical density at 600 nm

was prepared from bacterial cells grown in nutrient TBS 
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Samples with number 1 were first incubated at 37oC and then at 27oC. Samples with number 2, the 

incubated temperatures were swapped. Letter N was used for modified samples and B for unmodified. 

 

Schematic representation of the followed protocol to test pNIPAAm surfaces. 

positive bacteria, was selected to perform bacterial 

biofilms on devices 

jor concern in this 

organism for the scope of this thesis.  

optical density at 600 nm 

TBS broth (Tryptic 
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soy broth, Merck) at 37 oC for 24 hours. The optical density for bacterial suspensions was 

adjusted on 6300 Spectrophotometer (Jenway). 

Bacterial adhesion experiments were performed on tissue culture polystyrene plates (petri 

disches, Nunc), which were either used as received or modified with pNIPAAm hydrogel. 

Before use, petri dishes were washed extensively in 70% ethanol and sterile water then dried 

in sterile environment. Thermo-responsive samples, N samples, were introduced into the iCVD 

reactor to carry out the pNIPAAm thermo-responsive deposition, as described in 5.2.1.  

Bacterial cultures (2.5 mL) were added to modified and unmodified Petri dishes and incubated 

at either 37 oC (PS1 & N1) or 27 oC (PS2 & N2) for 3 hours. After incubation, the samples were 

washed three times with media and half of them were kept for bacterial quantification and, 

the rest were incubated at a different temperature, 27 oC (PS1 & N1) or 37 oC (PS2 & N2) for 1 

hour. At the end of the second incubation time, the samples were rinsed three times with 

media and bacterial adhesion was quantified. Triplicates were performed for each incubation 

step in order to do statistical analysis of the results  

To quantify the remaining adhered bacterial cells in each sample, 1.5 mL of PBS was added into 

the culture plates and cells were detached by sonication for 3 min in an ultrasonic bath (JP 

Selecta, 100 W). The supernatant was retired and the bacteria were pelleted by centrifugation 

(Sigma 1-14, at 1300 rpm , 5 min). Then 1.3 mL of supernatant was removed and bacteria were 

re-suspended by vortexing (Humblot et al. 2009). Appropriate serial dilutions were made and 

the samples were seeded onto agar plates. The plates were incubated for 24 hours at 37 oC 

and the number of colonies was counted. 

Standard plate count method was used to determine adhered cells; each viable cell was 

separate from all others and developed into a single discrete colony (colony-forming units 
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CFUs). As the number of colonies gives the number of live cells that can grow under the 

incubation conditions, bacterial adhesion of the studied samples can be evaluated. The 

number of bacteria (CFU) per milliliter was calculated by dividing the number of colonies by 

dilution factor multiplied by the amount of specimen plated: 

+9: = �;5<=>	?8	@?�?�A=B
3A�;CA?�	8D@C?>	 × D5?;�C	E�DC=3 

Equation 5.2. 

 

5.2.5. Preparation of a Control Release System based on Thermo-responsive Films 

In order to determine the capacity of NIPAAm thin film hydrogels to release Bacitracin, 

experiments were designed to study the microorganism alive on thermo-responsive hydrogels 

above their LCST, when the Bacitracin was released.  

Bacitracin (Sigma Aldrich) was the chosen antibiotic due to its extensive use. This antibiotic is a 

common ingredient in skin antibiotic preparations and its action is on gram-positive bacteria. 

For the mentioned purpose, two surfaces were analyzed at 37 oC  

Bacterial experiments were performed on tissue culture polystyrene plates (petri disches, 

Nunc), which were either used as received or modified with pNIPAAm hydrogel. Before use, 

petri dishes were washed extensively in 70% ethanol and sterile water then dried in sterile 

environment. Thermo-responsive samples, i.e. pNIPAAm samples, were introduced into the 

iCVD reactor to carry out the pNIPAAm thermo-responsive deposition, as described in 5.2.1.  
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Prior to bacterial inoculation, PS and pNIPAAm surfaces were loaded with Bacitracin (Sigma 

Aldrich, from Bacillus licheniformis, ≥50,000 U/g) (PS-B and NIPAAm-B). A solution of 1 mM 

was introduced into the petri dishes and the samples were cooled down to 10 oC for three 

hours, and then heated quickly to 37 oC, as it has been reported before (Leobandung et al. 

2002). After this process, the samples were rinsed subsequently to wash the un-loaded 

Bacitracin. For the comparison purpose, PS and pNIPAAm hydrogel (PS-O and NIPAA-O) 

samples without embedded Bacitracin were used as a control.  

Once all the surfaces were prepared, bacterial cultures (2.5 mL) were added to PS-O, NIPAAm-

O (without Bacitracin), PS-B, and NIPAAm-B (with Bacitracin) petri dishes and incubated at 37 

oC. The same fresh bacterial suspension from experiment 5.2.4. (OD600 = 0.2-0.3) was used to 

carry out this experiment. Table 5.3. shows the experimental modification for the different 

surfaces. 

Table 5.3. Modifications applied to each surface to carry out the in-vitro experiments. 

 

Sample 

Name 

iCVD 

modification 

Drug delivery 

system 

PS-O - Control 
PS-B - Bacitracin 

NIPAAm-O A1  Control 
NIPAAm-B A1  Bacitracin 

 

To analyze the effect of the Bacitracin on the surfaces, supernatant was removed at 2, 4 and 

24 hours and the number of bacteria was quantified by the standard plate count method (see 

5.2.4.). After the supernatant was retired, bacteria was fully detached from the surfaces by 

vigorous pipetting (Räsänen 1981) for 2 minutes and incubated with new media until the next 

pre-determined period. 



Chapter 5 -  Thermo-responsive Behavior of pNIPAAm Thin Film Hydrogels by QCM-D 

120 
 

5.3. Results  

In order to identify the LCST of the coatings and how it varies between them, four 

experimental settings were conducted. The first set of experiments was designed to 

investigate the NIPAAm’s LCST and the effect of the cross-linker used during the deposition to 

obtain stable coatings in water (experimental series A). The rest of the experiments were 

designed to obtain a library of temperature responsive hydrogels with different LCST 

depending of the copolymer used during the deposition. Experimental series B and C resume 

the influence as a copolymer of DMAAm and AAc respectively. In experimental series D the 

main monomer, NIPAAm was substituted for DEAAm, and DMAAm was used as a co-

monomer. 

5.3.1. Surface Characterization of Thermo-responsive Hydrogels 

Water Contact Angle 

Thermo-responsive copolymerization via iCVD is achieved by flowing the monomers and the 

cross-linker into the reactor, as described earlier in 5.2.1. The monomers composition can be 

systematically modified by adjusting their relative flow-rates. The use of two different 

monomers and the degree of the cross-linker were analyzed to determine their influence on 

the hydrogels behavior. The changes in the hydrogels composition are clearly observed in the 

static water contact angle (WCA) measurements of the different polymers.  

Figure 5.6. shows switchable surface properties imparted by tunable p(NIPAAm) copolymers. 

The experiments were done increasing the temperature from 25 oC (room temperature) to a 

temperature of 50 oC, above the LCST, to study the wettability changes before and after the 

phase-transition. The results confirm that thermo-responsive hydrogels have been synthesized 
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due to the influence of the temperature in the surface behavior. As the temperature was 

increased the hydrophobicity of the film was also increased, this wettability changes are 

caused by the phase transition, and the hydrogel was collapsing in water above a certain 

temperature. 

Top images in Figure 5.6. shows the typical water contact angle of NIPAAm-co-EGDA deposited 

via iCVD. A1 sample (NIPAAm/EGDA, 90/10) presented a change in WCA measurement of 31o, 

when the temperature of the hydrogel was increased from RT to 50 oC. Comparable results 

have been previously reported (Sun et al. 2004), which confirms that pNIPAAm was 

successfully deposited on the surfaces. Regarding B2 (NIPAAm/DMAAm/EGDA, 70/20/10) and 

C2 (NIPAAm/AAc/EGDA, 70/20/10) samples, NIPAAm was copolymerized with two different 

monomers, DMAAm and AAc respectively, whereas EGDA was maintained constant in order to 

maintain the same cross-linking density. When a drop of PBS solution was deposited on either 

B2 or C2 at room temperature, the resulting contact angle, 54o and 51o respectively, was 

lower, when compared to the NIPAAm sample A1, 71o. These results indicate an increase in 

the hydrophilicity of B2 and C2 hydrogels, which is in good agreement with the expected 

results, since DMAAm and AAc are more hydrophilic than NIPAAm. 

The same effect was also observed when contact angle were measured above the LCST. Warm 

PBS droplet was pulled to a 50 oC heated surfaces and the final WCA was decreased from the 

A1 hydrogel, the hydrophobic behavior that was achieved in the first case was reduced in the 

next cases due to the use of hydrophilic monomers, giving a WCA around 77o and 71o (DMAAm 

and AAc copolymers respectively).  
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Figure 5.6. Static contact angles, below and above LCST, of different NIPAAm copolymers. 

A1 sample, NIPAAm-co-EGDA (top-centered), B2 sample, NIPAAm-co-DMAAm-co-EGDA (middle-

centered) and C2, NIPAAm-co-AAc-co-EGDA (down-centered) 

Although B2 and C2 surfaces also exhibited remarkable changes between the WCA below and 

above the LCST, differences between WCA values were significantly lower when compared to 

the sharp change around 30o obtained for pNIPAAm samples. DMAAm and AAc hydrogel 

copolymers, B2 and C2, presented differences in WCA values of 23o and 20o, respectively, as 

shown in Figure 5.7. 
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Figure 5.7. WCA representation below and above LCST for three samples. 

A1 sample, NIPAAm-co-EGDA, B2 sample, NIPAAm-co-DMAAm-co-EGDA and C2, NIPAAm-co-AAc-co-

EGDA.  

 

In order to confirm that the hydrophilicity of the monomers plays an important role in the 

phase transition of the resulting thermo-responsive hydrogels, hydrogel A1 was compared 

with a hydrogel made with a more hydrophilic thermo-sensitive monomer, which was 

prepared with a more hydrophilic thermo-sensitive monomer. In this case, the ratio between 

the monomer and the cross-linker was maintained constant while the NIPAAm was substituted 

by DEAAm. 

Figure 5.8. shows the dependence of the monomer on the contact angle, below and above the 

LCST. As it has been observed before, when a more hydrophilic monomer was used for the 

iCVD deposition, lower contact angle values were observed on the resulting surfaces both 
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before and after the phase-transition. DEAAm film exhibited a 26o change in WCA 

measurement, 5o less than NIPAAm film synthesized under the same conditions. 

NIPAAm 90
EGDA 10

DEAAm 90
EGDA 10

Below LCST Above LCST

 

Figure 5.8. Static contact angles, below and above the LCST, of NIPAAm and DEAAm films. 

NIPAAm-co-EGDA (top-centered) and DEAAm-co-EGDA (down-centered) 

 

Atomic Force Microscopy 

Further characterization of the obtained co-polymers was performed by AFM to analyze and 

measure surface topography. NIPAAm copolymer surfaces used to determine WCA were 

analyzed. The study was carried out under dry mode at room temperature to better 

understand the hydrogel surface without water interactions.  

Topography images (Figure 5.9) obtained from a 10 x 10 µm2 area confirmed that the hydrogel 

surfaces were different in each case, as shown in Figure 5.9. As it has been determined, the 

presence of another type of acrylamide or the amount of acrylic acid increases the roughness, 
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which might explained the changes in the wettability of NIPAAm hydrogels, as can be observed 

in Figure 5.7. 

Typical smooth pNIPAAm hydrogel with a 10% of cross-linker was observed, having a root-

mean-square (rms) roughness of 1.5 nm on the area selected (10x10 µm2). Although 

homogeneous surface was achieved, occasional isolated features were observed indicating 

different areas. This might be explained by formation of hydrophilic domains in the matrix 

structure as revealed by AFM imaging in Figure 5.10. 

Figure 5.9 and Figure 5.10 explores the changes in B2 and C2 hydrogels, in order to compare 

with the pure NIPAAm (A1 sample). The results show an increase of the roughness as the 

hydrophilicity was increased. As it has been discussed, the incorporation of this kind of 

copolymers increased the formation of hydrophilic domains resulting in a rougher surface. The 

number of isolated features created in C2 hydrogel made a huge difference between A1 and 

B2 film. 
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Figure 5.9. AFM images of the NIPAAm copolymers surfaces together with their roughness. 

A1 sample, NIPAAm-co-EGDA, B2 sample, NIPAAm-co-DMAAm-co-EGDA and C2, NIPAAm-co-AAc-co-

EGDA. 
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Figure 5.10. 3D AFM images of NIPAAm hydrogels. 

A1 sample, NIPAAm-co-EGDA, B2 sample, NIPAAm-co-DMAAm-co-EGDA and C2, NIPAAm-co-AAc-co-

EGDA. 
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5.3.2. Determination of the LCST Temperature via QCM-D Analysis 

As it has been already described, the hydrogel polymer chains collapse upon heating due to 

hydrophobic interactions, resulting in a change of the mass and the viscoelasticity of the 

hydrogel that can be monitored by the frequency and dissipation variation using QCM-D 

analysis.  

In order to assure the use of this system to detect the LCST, the QCM-D analysis of a non 

thermo-responsive hydrogel and a pNIPAAm hydrogel were compared. Both hydrogels were 

NIPAAm based polymers but with different NIPAAm/EGDA flow-rates. In the first case the 

NIPAAm flow was 10% (N10) and in the other was 90% (N90).  

Figure 5.11. shows the linear dependency of the QCM-D on temperature. The fact that the 

frequency of the N10 hydrogel follows the same trend as the temperature indicates that the 

polymer did not suffer any mass changes during the temperature transition. As it has been 

mentioned before, there is an intrinsic dependence of the resonant frequency of a quartz 

crystal on temperature, thus a carefully control of the temperature effect must be done. The 

resonance frequency depends on temperature, pressure and bending stress. Temperature 

gradients causes internal stresses, which induced frequency variation even no mass change is 

achieved.  

On the contrary, the frequency of the N90 hydrogel showed an inflection point that 

corresponds to the LCST temperature. The slope decreased after the LCST transition because 

the hydrogel behavior was clearly changing, since the thermo-responsive polymer collapsed 

and the mass decreased due to the NIPAAm dehydration. 
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Moreover, it was often observed that the frequency vs. temperature curve obtained going 

from T1 to T2 did not coincide with the one obtained immediately after going from T2 to T1. 

This effect might be caused by the low capacity of the peltier element to dissipate the heat (1 

oC/min) from the cell when temperature was decreasing. 
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Figure 5.11. QCM-D graphs confirming the linear dependency of the f on temperature.  

The dashed line indicates the temperature ramp. Frequency of QCM-D coated crystals sensors with a 

non thermo-responsive hydrogel (left) and one hydrogel that show the LCST transition. 

 

QCM-D analysis can also provide information concerning the reversible transition that caused 

the temperature in the hydrogel. Figure 5.12. demonstrates that the hydrogel collapsed 

around 32 oC when the temperature was increased and the same change in the slope occured 

when the temperature was decreased, the hydrogel swelled once the temperature reached 

the LCST. The gradual variation in energy dissipation of the N90 layer as the temperature 

increased is shown in Figure 5.12.(b). Once the equilibrium was reached, the dissipation 

decreased indicating that the thin film was softer due to the swollen state of the hydrogel. 

After the LCST temperature, the dissipation slope changes because the hydrogel was collapsed 

and the film was in its rigid state. 
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Figure 5.12. Representative results showing the (a) frequency and (b) dissipation for N90 hydrogel.  

The data was recorded for a temperature ramp from 25 oC to 55 oC and vice versa.  

 

5.3.3. Development of a Library of Thermo-responsive Hydrogels 

Due to the large amount of experiments that can be generated to have enough information to 

create a library, four different experiments were chosen. The study was carried out with the 

aim of comparing the thermo-sensitive behavior of bulk hydrogels previously prepared in our 

group with thermo-sensitive thin films (Garreta 2005). The possibility to obtain the same bulk 

hydrogel properties, but located within a thin film that can be deposited in almost every 

surface was the starting point for this work. 

The principle idea was to analyze how the monomer’s hydrophilicity, the ratio between the 

monomers and the ratio of the cross-linker could influence the LCST transition and the QCM-D 

studies. Experimental series A, B, C was design to obtain an LCST between 30-40 oC, NIPAAm 

was used as the main monomer because its phase-transition temperature in aqueous solution 
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is around 32 oC  (Schild 1992). In experimental series D, NIPAAm was replaced by DEEAm as the 

main monomer to obtain an increase in the LCST temperature. 

The first step was to demonstrate the possibility to achieve a NIPAAm thin film hydrogel via 

iCVD that could reproduce the LCST for bulk hydrogels. Three different ratios of NIPAAm and 

EGDA were compared to evaluate the influence of the cross-linker in the resulting films. Figure 

5.13. shows the QCM-D analysis of the three different films. Results indicate that there was a 

relationship between the monomer/cross-linker ratio and the LCST, when the level of NIPAAm 

is lower the effect of the cross-linker is higher. A1 presented an LCST of 32 oC, the same 

temperature as bulk synthesized pNIPAAm, and the change in the slope is deeply marked by 

the phase-transition indicating that the hydrogel is collapsing. The same occurs in A2 films, 

where the variation is clearly observed, although the LCST temperature increased by 2 oC. 

When the level of EGDA was higher, as in A3 hydrogel, the frequency and dissipation changes, 

around 38 cC, were smoother meaning that the hydrogel dehydratation caused by transition 

from the swollen to the collapsed state was reduced. The cross-ling density controls the 

degree of hydratation of the films. 
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Figure 5.13. LCSTs corresponding to NIPAAm-co-EGDA thin films.  

(A1) 90% of NIPAAm, (A2) 80% of NIPAAm and (A3) 70% of NIPAAm. The graph shows the three 

variations in EGDA ratio. 
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As it has been mentioned, the temperature range is mainly controlled by the NIPAAm. 

Nevertheless, the amount of cross-linker and the nature and ratio of the co-monomer, can be 

used to tune the LCST of the resulting films. The next step involved the assessment of the 

influence of two different co-monomers, DMAAm and AAc, and the ratios between NIPAAm 

and them. For this purpose, pNIPAAm hydrogels having varying concentrations of DMAAm or 

AAc were synthesized at a fixed cross-linker ratio of 10% and their thermosensitive behavior 

was assessed using QCM-D analysis.  

Results for the hydrogels based on NIPAAm-co-DMAAm are shown in Figure 5.14. A trend 

toward higher LCST with increasing DMAAm was observed in the three experiments. An 

increase in LCST for copolymers of NIPAAm was typically attributed to an increase in the 

hydrophilicity of the copolymer (Schild 1992). The use of DMAAm increases the temperature 

transition from 4 oC to 8 oC, when compared to pNIPAAm hydrogels, as observed in 

experiments B1, B2 and B3 respectively. The higher temperature was achieved with a higher 

concentration of DMAAm. This result could be explained taking into account that the 

copolymer increases the hydrophilicity of the final thin film hydrogel, giving the capacity to 

shift the LCST of pNIPAAm-based hydrogel to higher temperatures. 

The hydrogel B1, which has 90% of NIPAAm and 10% of DMAAm shows an abrupt LCST 

transition. The pronounced variation in the frequency slope can be explained by the loose of a 

considerable amount of water upon heating beyond the LCST. The high capacity of the 

hydrogel to swell makes a sharp and fast transition. This phenomenon was not observed in B2 

and B3 films were the changes were less perceptible. This behavior was also observed in bulk-

synthesized polymers having approximately the same co-monomer and is probably explained 
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by an increase in the hydrophilicity of the polymer network making the transition from fully 

hydrated to collapsed. 

These results could also explain the difference between the sharp LCST transition in B1 film 

and the smooth transition in B2 and B3. The fact that B1 film was highly hydrated explains the 

abrupt transition from swollen to collapsed state; in addition the change in the dissipation 

slope means that temperature goes from a really soft material to a rigid state. The same 

process was observed in the rest of the experiments but the change is smoother due to the 

minor phase-transition. 
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Figure 5.14. LCSTs corresponding to NIPAAm-co-DMAAm thin films.  

(B1) 10% of DMAAm, (B2) 20% of DMAAm and (B3) 30% of DMAAm. The graph shows the three 

variations in NIPAAm/DMAAm ratios. The EGDA ratio was maintained constant at 10%. 



Chapter 5 -  Thermo-responsive Behavior of pNIPAAm Thin Film Hydrogels by QCM-D 

135 
 

As it has been observed in the case of NIPAAm/DMAAm co-polymers, addition of co-

monomers can tune the LCST of the resulting hydrogel, therefore the next step was to analyze 

the influence of the co-monomer chemical nature. Acrylic acid was the co-monomer that was 

used to compare the influence of the co-monomer nature on the LCST. The target hydrogel 

was designed to have the same proportions as the DMAAm samples.The phase-transition of 

hydrogels made of NIPAAm/AAc co-polymers was monitored by QCM-D, as shown in Figure 

5.15. 

The first difference that can be extracted comparing Figure 5.14. and Figure 5.15 is that, in the 

case of using AAc as co-monomer, the transitions were smoother than in the case of DMAAm. 

In contrast to DMAAm, AAc-containing hydrogels did not show any sharp phase-transition, not 

even for hydrogels containing low ratios of AAc  and high ratios of NIPAAm. As it has benn 

mentioned previously, the tuneable LCST and the behavior of the phase transition are 

determined by the hydrophilicity of the co-monomer. However, the pronounced hydrophilic 

character of AAc, which is conferred by the presence of a carboxylic acid group, results in the 

elimination of the hydrogel thermo-sensitivity. 

Another noticeable difference was the changes observed in the QCM-D transition profile. 

When AAc co-monomer was present in the hydrogel, two transitions were observed during 

QCM-D analysis (Figure 5.15). This phenomenon has been known to be the result of an 

increase in the phase transition time. The first change in the slope, near the theoretical 

NIPAAm LCST temperature, is associated to the starting point of the phase-transition and once 

the hydrogel turned to a hydrophobic film and the chains were totally collapsed, the transition 

arrived to its end point, represented by the second change in the slope. Different behavior was 
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achieved whit NIPAAm-co-AAc hydrogels; and consequently phase transition rate could be 

tuned accordingly. 

Nevertheless, these films exhibit a limit AAc concentration beyond which the hydrogels lose 

their thermo-sensitive capacity. In general, as the AAc ratio was increased, the transition 

period was also increased. However, for AAc ratios higher than 20% the resulting hydrogel 

coatings did not present any phase-transition during the temperature ramp 
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Figure 5.15. LCSTs corresponding to NIPAAm-co-AAc thin films.  

(C1) 10% of AAc, (C2) 20% of AAc and (C3) 30% of AAc. The graph shows the three variations in NIPAAm/ 

AAc ratios. The EGDA ratio was maintained constant at 10%. 
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The last set of experiments regarding the development of the thermo-sensitive hydrogel 

library was designed to assess the influence of the main thermo-sensitive monomer. 

Therefore, the difference in thermo-sensitive behavior of hydrogels prepared from a different 

N-substituted acrylamide was studied. In bulk hydrogel synthesis, where DEAAm/DMAAm 

combinations were selected to obtain co-polymers with higher phase-transition temperatures, 

lower critical solution temperatures around 45 oC were obtained. Hydrogels synthesized from 

DEAAm alone were discarded, since the resulting LCSTs were above 70 oC, which is a value 

beyond the temperature range of the present study. Three different hydrogels D1 – D3 with 

DEAAm/DMAAm ratios varying from 90:10 to 60:30 were synthesized and their thermo-

sensitive behavior was evaluated by QCM-D analysis, as shown in Figure 5.16. 

Figure 5.16. shows the thermo-responsive behavior of D1 and D2 hydrogels determined by 

QCM-D analysis. D3 did not present any response against the temperature changes, indicating 

that the thermo-sensitive capacity was lost, similarly observed as in C3 hydrogel 

(NIPAAm/AAc/EGDA, 60/30/10). 

As it can be observed, D1 and D2 presented a higher LCST temperature, when compared with 

B1 and B2 hydrogels, where the main monomer was NIPAAm and the co-monomer and the 

cross-linker were the same. An increase of 5 oC in the LCST was achieved when NIPAAm was 

substituted by DEAAm. 

In contrast to NIPAAm-containing hydrogels, the phase transition of hydrogels prepared from 

DEAAm was less pronounced. The variation was smoother during the phase-transition and, 

only small changes in the slope were noticed in this case. Furthermore, D1 and D2 

compositions presented similar thermo-sensitive behaviors and appoximately the same LCST 

temperatures were achieved, when the flow-rates between the monomers were different. 
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Figure 5.16.LCSTs corresponding to DEAAm-co-DMAAm thin films.  

(D1) 80% of DEAAm and 10% of DMMAm, (D2) 70% of DEAAm and 20% of DMMAm. The graph shows 

both variations in DEAAm/DMAAm ratios. The EGDA ratio was maintained constant at 10%. 
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5.3.4. Monitoring of Bacterial Detachment upon Phase Transition 

Once the characterization of thermo-responsive hydrogels was performed and their surface 

properties were analyzed, the next step was to test the potential of pNIPAAm hydrogels as 

anti-bioflim in a medium containing colonizing microorganisms. 

Tissue culture polystyrene plates, either naïve or modified with pNIPAAm, were used to carry 

out this experiment. A1 sample (NIPAAm/EGDA - 90/10) was chosen to be deposited on petri 

dishes due to its sharp transition. This hydrogel presented both the largest WCA change and 

the highest hydrophobic surface above its LCST. The transition temperature achieved with this 

coating, around 32 oC, is ideal, because microorganisms remain alive both below and above 

the selected LCST.  

Briefly, S. Epidermidis was seeded on either unmodified or pNIPAAm-modified petri dishes and 

incubated at either 37 oC (PS1 & N1) or 27 oC (PS2 & N2) for 3 hours. Samples were washed 

with media (TSB) and subsequently incubated at 27 oC (PS1 & N1) or 37 oC (PS2 & N2) for 1 

hour. At the end of each incubation, adherent bacteria were quantified in order to compare 

the effect of the change on the hydrogel properties on bacterial attachment, as shown in 

Figure 5.17. Figure 5.17. shows the percentage of cell adhesion in both cases, the control (PS 

without further modification) and the NIPAAm hydrogel. During the first set of experiments, as 

the temperature was decreased, the hydrogel changed its phase from collapsed to swollen 

state. 
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Figure 5.17. Percentage  of  cell  adhesion  when  the  temperature  was  decreased  from 37 oC  to 27 oC.  

Tissue cultured polystyrene plates, unmodified (PS1) or modified (N1) with pNIPAAm. 

 

The number of adhered cells during the first incubation was considered the total amount of 

microorganism over the surfaces. After one hour at 27 oC, the percentage of bacterial cells that 

remained adhered was calculated respect to the total adhesion achieved during the first step. 

As it has been reported before, Staphylococcus epidermis showed a better and richer growth 

at 37 oC than at 27 oC, where the results showed that the adhered cells was four times smaller 

(Hola et al. 2006). Moreover, changes in the temperature could cause a decrease of 

metabolism of the cells, resulting in cell detachment, as can be observed for PS1 sample in 

Figure 5.17. In contrast, the detachment of bacteria for N1 could be explained, not only by the 

decrease of metabolism of cells caused by temperature, but more importantly, by changes in 

topography and wettability, as it can be observed in Figure 5.7. and Figure 5.9. In this situation, 

the adhered cells may easily fall apart and the detachment of large part of the adhered cells 

(95%) on N1 film was achieved due to the phase transition. 
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These results probably indicate that during phase-transition, the hydrogel surface, which 

served as substrate for bacteria, suffered a variation in its topography and wettability, 

resulting in increased cell detachment, when compared to PS samples. 

In order to study phase transitions in both transitions (from 37 oC to 27 oC and vice versa), one 

changing from collapsed to swollen state and the other one from swollen to collapsed state, 

the incubation temperatures were swapped. In the second experimental series, the initial 

incubation temperature was set at 27 oC and cell detachment was assessed after incubation at 

37 oC, as shown in Figure 5.18. 
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Figure 5.18. Percentage  of  cell  adhesion  when  the  temperature  was  increased  from  27  oC  to 37 oC.  

Tissue cultured polystyrene plates, unmodified (PS2) or modified (N2) with pNIPAAm. 

 

When the temperature was increased from 27 oC to 37 oC different results were presented. In 

this experiment the samples were first incubated at 27 oC, at this temperature, the cell 

adhesion was really low because the microorganisms were only metabolically less active and 

they were growing very slowly. As it was expected, when the temperature was increased, the 

growth curve for the control (PS2) was exponential (Figure 5.18.). After one incubation hour at 
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37 oC, the adhered cells reached a thick biofilm layer that was not observed after incubating 

cells at 27 oC. Faced with this result, when the same conditions were applied to the pNIPAAm 

hydrogel surface, cell adhesion was just increased by 20%. However, cell attachment was 

greatly reduced in comparison to PS substrates. Such observations may indicate that changes 

in the structure of the hydrogel can possibly alter proliferation of colonizing microorganisms. 

The analyzed films presented different cell adhesion when the temperature was either 

increased or decreased. The signs of bacterial detachment were visible with naked eye after 

the phase-transition from 37 oC to 27 oC. Top images in Figure 5.19. shows the petri dishes of 

both films once the second incubation was finished and the samples were washed several 

times. Bacterial adhesion on the tissue culture plate without modification, left image (a), was 

higher than on pNIPAAm film. The microorganism created a thick and homogenous layer all 

over the surface that resembled a biofilm. Different behavior presented by pNIPAAm hydrogel 

was observed, after the second cultivation, where a significant amount of adhered bacteria 

started to detach, resulting in a thinner and non-homogeneous biofilm layer.  

 

Figure 5.19. Adhered cells on PS (a) and NIPAAm (b). 

Cell detachment was observed in NIPAAm hydrogels due to the phase-transition. 
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5.3.5. Evaluation of the Effect on Bacterial Proliferation of a Drug Released from a Thermo-

responsive 

As it has been discussed earlier, thermo-responsive hydrogels were originally conceived for the 

fabrication of smart drug delivery systems. Temperature activates the phase-transition 

achieving a release system above the LCST. In order to evaluate the potential of thermo-

responsive hydrogels as suitable surfaces for embedding antibiotic drugs to control 

microorganism colonization, pNIPAAm hydrogels were prepared by iCVD, as described in 5.2.1. 

In order to increase the anti-biofilm properties of hydrogels deposited by iCVD, a new 

experiment was designed, where the bacterial resistance of the surfaces was enhance by 

loading the hydrogel matrix with an antibiotic and taking advantage of the potential controlled 

release characteristics of this system. Thermo-sensitive hydrogels loaded with hydrophilic 

drugs are known to release the embedded drug molecules in a sustained way upon heating 

above the hydrogel LCST. 

Tissue culture polystyrene plates, either unmodified or modified with pNIPAAm (PS and 

NIPAAm samples), were used to embed bacitracin (PS-B and NIPAAm-B). No bacitracin exposed 

surfaces (PS-O and NIPAAm-O) were used as controls to quantify the effect of the antibiotic. 

A1 sample (NIPAAm/EGDA - 90/10) was chosen to be deposited on petri dishes due to its sharp 

phase transition and to correlate the results with experiment 5.2.3. As it has been mentioned, 

the phase-transition for the A1 hydrogel was around 32 oC, therefore the incubation 

temperature was set at 37 oC to ensure that the hydrogel was in its collapsed state. In addition, 

earlier experiments revealed that this temperature is optimal for culturing S. epidermis (Hola 

et al. 2006). Briefly, a solution of 1 mM was added to the petri dishes and the samples were 

cooled to 10 oC for three hours, and then heated quickly to 37 oC. After washed the surfaces to 
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remove the un-loaded drug, bacterial cultures were added and incubated at 37 oC. At the end 

of each time-point, bacteria were fully detached from the surfaces by pipetting extensively. 

Figure 5.20. shows the amount of bacteria (as colony forming units per milliliter) at 2, 4 and 24 

hours for the different surfaces. As it could be observed, in samples without bacitracin (-O), PS-

O and NIPAAm-O, bacterial population was dreased in number at 24 hours, when compared to 

cultures at 4 hours. This phenomenon might be caused by nutritional stress due to starvation 

of the medium 

On the other hand, samples loaded with bacitracin showed a lower bacterial growth rate, 

indicating that bacitracin was released over the time and was preventing exponential cell 

growth typically observed for these cultures. PS-B reduced the number of cells, which might 

caused by the presence of residual bacitracin adhered to the petri dish at the time of bacterial 

inoculation. No difference between PS-O and PS-B was expected, because no reactions are 

feasible between PS and bacitracin. It is likely that this behavior is the result of insufficient 

rinsing after bacitracin loading. The final bacterial concentration for this sample (PS-B, 24h) is 

in agreement with this idea; bacteria grew up achieving the same value as the PS-O sample. 

After 4 hours of incubation a remarkable reduction of the microorganism was observed for 

NIPAAm-B films, when compared to the other surfaces. These results probably indicate that 

bacitracin had been released over the course of the experiment and its effect caused the cell 

death. The increase in bacteria population after the 4th hour probably suggests that all the 

bacitracin had been delivered or that the amount loaded into the hydrogel was insufficient to 

kill all the initial bacterial population. 
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After 24 hours of incubation, the bacteria concentration for NIPAAm hydrogels was up to 70% 

lower than the population on PS surfaces, even when bacitracin was not present, indicating 

the high efficacy of this films in antimicrobial applications. 
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Figure 5.20. Influence of bacitracin on pNIPAAm and PS samples. 

Experiments with letter O were the controls and experiments with letter B were the samples that 

Bacitracin was loaded. 
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5.4. Discussion 

Thermo-responsive hydrogels have been deposited via initiated Chemical Vapor Deposition. 

Films with a clearly-defined phase-transition were synthesized. The generation of a thermo-

sensitive hydrogels library has been developed combining three different components; main 

acrylamide monomer, different co-monomers and the cross-linker. LCST values of the resulting 

films can be tunned by combining appropriate ratios of specific monomers 

It has been demonstrated that different thermo-responsive hydrogels can be successfully 

deposited by iCVD. Water Contact Angle analysis confirms wettability changes, when the 

temperature is increased; surfaces with different hydrophobicity are achieved below and 

above the LCST. AFM study indicates the roughness of the hydrogels when co-polymers are 

used during the deposition process. The roughness has been increased adding hydrophilic co-

monomers, the hydrophilic nature of these hydrogels generate the appearance of hydrophilic 

protuberances. This fact has been confirmed with the WCA values. 

Phase transition of hydrogels together with their corresponding LCSTs has been determined by 

Quartz Crystal Microbalance analysis. Previous experiment has been done to correctly 

determine the phase-transition temperature and to analyze the different factors that has 

influence on the frequency and the dissipation in QCM-D systems. The effect of the 

temperature on the experiments has been identified and compensated, and is in good 

agreement with the results observed in WCA. 

QCM-D technique has been also used to determine the behavior of the hydrogels and the 

influence of the rate of the cross-linker and the nature and the concentration of the co-

polymer. The amount of the cross-linker in NIPAAm samples plays an important role in the 
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phase-transition of the thermo-responsive hydrogels, if the concentration of the cross-linker is 

higher than 30%, the film is excessively cross-linked to undergo phase-transition. The co-

polymerization of NIPAAm with either DMAAm or AAc presents different behavior on the final 

hydrogel; DMAAm provides a defined transition and causes an increase on the LCST 

temperature. On the contrary, AAc hydrogel starts the phase transition near low cross-linked 

NIPAAm (32 oC) but the process ends around 40 oC, the use of AAc provides a slow phase-

transition, it occurs at a wide range of temperatures. 

Finally, to demonstrate the feasibility of these hydrogels as antimicrobial surfaces, proof of 

concept experiments have been performed with S. epidermis. The first experiment was done 

taking advantage of the capability of these films to change its topography and morphology, 

when phase-transition is achieved increasing or decreasing the temperature. The results 

demonstrate high detachment of the microorganism when the temperature was varied from 

37 oC to 27 oC. Modest increase in bacterial adhesion on NIPAAm film is observed, comparing 

the results with the control sample, when the temperature was changed from 27 oC to 37 oC. 

The last experiment was done to test the capacity of the films to embed an antibiotic and 

release it if the temperature increases, that fact will provokes that the hydrogel varied from 

the swollen to the collapsed state. The experiments reveal a reduction of the 70% in bacteria 

population when Bacitracin is delivered by NIPAAm films compared to PS surfaces. 
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6.1. Conclusions (English) 

It has been demonstrated that piCVD is a gentle method for preparing stable and reversibly 

swellable hydrogel films with a nanoscale mesh size. The deposition of thin films of pHEMA has 

been verified by FTIR spectroscopy. The homopolymer deposited in this work enhances the 

surface resistance to non-specific protein adhesion, as investigated by XPS. An advantage of 

this process is the ease of forming copolymers, including copolymers of pHEMA, and 

controlling film composition via the synthetic conditions.  

In piCVD, the polymerization occurs primarily on the substrate surface, therefore the cross-link 

density and subsequently the swelling properties of the film, can be controlled by changing the 

fractional saturation of the monomer vapor during the deposition. The mesh size of the 

resulting film is small enough to allow for small analyte molecules to diffuse towards the 

underlying substrate. This was confirmed by coating a sodium-sensing optode with a thin film 

of p(HEMA); the optode retained its ability to detect its target analyte. The mild nature of 

piCVD, which does not require plasma or solvents/which operates without plasma and 

solvents, makes it ideal for coating the surfaces of delicate medical devices, such as optodes 

and other sensors designed for implantation.  

It has been demonstrated that both homogeneous and graded copolymers can be successfully 

deposited by piCVD. FTIR and ToF-SIMS analyses confirm that the reactive pentafluorphenyl 

ester group (PFM) is conserved during the photopolymerization, allowing for the formation of 

thin films capable of post-functionalization with primary amines. The controlled distribution of 

PFM within the film matrix has also been confirmed. In the graded co-polymer films, the PFM 
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signals in both XPS and ToF-SIMS decrease from a maximum at the top surface, confirming the 

nano-confinement of the reactive moiety at the near-surface region.  

There are two key benefits derived from the material properties when targeting near-surface 

confinement. First, the hydrogel properties of the bulk region of graded copolymers are largely 

maintained. This is especially important when compared to the homogeneous copolymers, 

which exhibit markedly reduced swelling properties. For the graded films, the underlying 

properties of the homopolymer can be chosen independently from the properties of the 

surface activity. Second, nearly all the PFM moieties in the graded copolymer are available for 

reaction. In the homogeneous copolymer, much of the PFM remains buried within the polymer 

matrix. It should be noted that any vinyl comonomer capable of being introduced into the 

reactor as a vapor can be used to form the graded functional film. 

The here presented micro-patterning technique presented not only allows the fabrication of 

topographic reliefs in a fast and efficient way, but it also enables the design of 3D features 

having defined spatial chemical patterns. Careful choice of suitable monomers should allow 

the design of surfaces having special features, such as wetting behavior, anti-biofouling activity 

or cell attachment, among others. 

A new method to increase the mechanical stability of electrodeposited black platinum on 

biosensors has been presented. The thin hydrogel layer of deposited pHEMA does not 

interfere with the passage of the analytes and is conformal to the black platinum coating. 

Moreover, the deposited film slightly decreases the impedance module of the sensor, resulting 

in improvement of the sensor performance. The deposited hydrogel is chemically inert and 

protects the black platinum layer against mechanical damage, allowing a continuous use of the 
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biosensor in contact with living tissues. This results in a better sensor performance as shown in 

vivo experiments. 

It has been demonstrated that iCVD is a feasible method for preparing stable and thermo-

sensible thin hydrogel films. A library of thermo-sensitive films has been developed by 

combining three different components; main acrylamide monomer, different co-monomers 

and the cross-linker. The study of the hydrogels properties, depending on their composition, 

has been monitored by QCM-D analysis to determine the LCST temperature. 

The use of cross-linked NIPAAm film enhances the surface resistance against bacterial 

adhesion. The capability of the hydrogels to change the topography and the morphology 

during the phase transition detaches bacteria from the surfaces. Another study has revealed 

the possibility to embed an antibiotic and release it, when the temperature increases; the 

combination of the thermo-responsive film properties opens the possibility to design tunable 

and reversible coatings to manage biofilm formation.  
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6.2. Conclusions (Català) 

S’ha demostrat que el piCVD és un bon mètode per preparar pel·lícules d’hidrogel que siguin 

estables, amb una capacitat controlada d’incorporar aigua de forma reversible i amb un mida 

de malla nanomètrica de malla. La deposició del films de pHEMA s’ha verificat mitjançat 

espectrometria FTIR. L’homopolímer dipositat en aquest treball millora la resistència a 

l’adhesió no específica de proteïnes mitjançant anàlisi d’XPS. Una avantatge d’aquest procés és 

la facilitat de formar co-polímers, inclosos els copolímers de HEMA, i controlar la composició 

del film mitjançant les condicions experimentals. 

La polimerització amb piCVD succeeix en primer lloc a la superfície del substrat, i la densitat de 

reticulació, i per tant la capacitat d’absorbir aigua del film, pot ser controlada tot canviant la 

pressió de saturació pròpia del monòmer durant la deposició. La pel·lícula té un grau de 

reticulació prou petit com per permetre la difusió de petites molècules a través del film. 

Aquest fenomen s’ha confirmat recobrint un sensor òptic de sodi amb un film de pHEMA. 

Després del recobriment, el sensor reté la seva capacitat de detectar l’analit d’estudi. La 

naturalesa no agressiva, al no utilitzar ni plasma ni dissolvent, del piCVD el fa ideal per recobrir 

les superfícies dels sensors òptics i altres sensors dissenyats per a ser implantats. 

S’ha demostrat que es poden dipositar per piCVD co-polímers homogenis i de concentració 

gradual de forma satisfactòria. Anàlisis de FTIR i ToF-SIMS confirmen que el grup éster reactiu 

del PFM es manté intacte després de la deposició via piCVD, permetent la formació de 

pel·lícules capaces de ser post-funcionalitzades amb amines primàries. La distribució de PFM 

en el gruix del film també s’ha confirmat. En el copolímer de concentració gradual, les senyals 

de PFM tant de l’XPS com del ToF-SIMS disminueixen al allunyar-se de la superficie, trobant-se 
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el màxim a la superfície de la pel·lícula. D’aquesta manera es confirma que la zona reactiva es 

troba a la part més superficial del film. 

Existeixen dos beneficis principals d’aquesta nano-estructuració polimèrica. El primer és que 

les propietats de l’hidrogel es mantenen en el cas del co-polímer de concentració gradual. 

Aquest fet és especialment important quan es compara amb els co-polímers homogenis, els 

quals exhibeixen una menor capacitat d’absorbir aigua, perdent d’aquesta manera el seu 

caràcter d’hidrogel. 

Per les pel·lícules no homogènies, les propietats de les capes més internes de l’homopolímer 

es poden escollir independentment de l’activitat superficial. El segon avantatge és que gairebé 

totes les parts reactives del PFM en el copolímer de concentració gradual són accessibles per 

reaccionar. En canvi, en el copolímer homogeni, la majoria d’aquests punts reactius estan 

atrapades a l’interior de la matriu polimèrica. Val a dir que qualsevol co-monòmer vinílic capaç 

de ser introduït en un reactor en estat vapor pot ser utilitzat per formar un co-polímer de 

concentració gradual. 

La tècnica de micro-estructuració presentada no només permet la fabricació de superfícies 

amb relleu de manera ràpida i fàcil, sinó que també permet fer un disseny 3D per poder tenir 

estructures químiques definides. Tenint especial cura amb la elecció dels monòmers utilitzats, 

es poden dissenyar superfícies amb característiques determinades, comportaments 

humectants, activitats anti-fouling o adherència de cèl·lules, entre d’altres. 

S’ha estudiat un nou mètode per incrementar la estabilitat del platí negre dipositat 

electroquímicament sobre biosensors. La deposició de pel·lícules de pHEMA permet que 

l’analit travessi el film i s’ajusta a la topografia del platí negre. A més a més, s’ha vist com la 
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deposició del film disminueix la mesura d’impedància, millorant d’aquesta manera el 

comportament del sensor. La capa d’hidrogel és totalment inert i protegeix la pel·lícula de platí 

negre de les agressions mecàniques, permetent fer un ús continuat dels biosensors sobre 

organismes vius. 

S’ha comprovat que l’iCVD es un bon mètode per preparar pel·lícules d’hidrogel que siguin 

estables i termo-sensibles. S’ha desenvolupat una llibreria de films termo-sensibles combinant 

tres components: una acrilamida com a monòmer principal, diferents copolímers i un agent 

reticulant. L’estudi de les propietats dels hidrogels i la influencia de la seva composició s’ha 

estudiat amb una microbalança QCM-D per determinar la temperatura LCST. 

L’ús d’un film de pNIPAAm millora la resistència de les superfícies contra l’adhesió bacteriana. 

La capacitat dels hidrogels per modificar la seva topografia i morfologia durant la fase de 

transició, permet desadherir les bactèries de la superfície. Un altre estudi va revelar la 

possibilitat de emmagatzemar un antibiòtic dins la matriu de l’hidrogel i expulsar-lo quan al 

augmentar la temperatura. La combinació de les propietats que ofereixen els hidrogels termo-

sensibles obre la porta per dissenyar recobriments ajustables i reversibles per controlar la 

formació de biofilms. 
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