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ABSTRACT

Poly(N-isopropylacrylamide) i.e. PNIPAAm is a temgieire sensitive smart material which displays welocritical
solution temperature (LCST) at 33°85 At the lower critical solution temperature, tp@ changes from hydrophilic to
hydrophobic which has significant consequences et culturing. The first known measurements of thatical
properties i.e. absorptionid and reduced scattering'd) coefficients, as a function of temperature, o$eamies of
crosslinked PNIPAAmM gels, using an Integrating 3$phsetup, is presented at a wavelength of 632.8 fArhese
properties showed a direct correlation betweenstatering coefficient and the crosslinker denfitythe gels. The
absorption properties correlated well with the knatsorption characteristics of these gels.
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1. INTRODUCTION

The Integrating Sphere (IS) instrumentation, th&dgo standard for the measurement of bulk in vitssue optical
properties, is applied in this work to measuredp#cal changes that occur in the thermo-resporisiazogel, poly(N-
isopropylacrylamide) (PNIPAAmM). PNIPAAmM has beertemsively exploited for cell culturing due to itsigue non-
invasive release mechanism for cells. When the@égature crosses over its lower critical solutemperature (LCST),
the surface of PNIPAAmM changes reversibly from bydhilic to hydrophobic. The reverse change frordrbphobic to
hydrophilic allows for cells to be spontaneouslyeased, without requiring destructive enzymes sashtrypsin.
Monitoring the optical properties of the gel asridergoes this phase change could facilitate alsimfine monitoring
system that easily identifies the gel transitiohisTstudy also provides some fundamental propeotiethe nature of the
gel and a means to evaluate quality control in dgbksynthesis from the absorptiom, and reduced scattering;s
coefficients.

2. MATERIALSAND METHODS

The set up, shown in figure 1, comprised of a 7\ He-Ne laserX=632.8 nm, JDS Uniphase laser) coupled into a
multimode fibre (core diameter 62.5 um) using a X@Xmerical aperture (NA) = 0.25) microscope objecsuch that
at least 90% of the laser intensity was transmittedugh the fibre-lens system. The beam wasratkd to a diameter
of 2-3 mm using a 40X (NA=0.65) microscope objeetiA heating system was connected to the samplgeiml
(diameter 25 mm) on the entrance and exit porth@integrating sphere (Labsphere, 8 inch (203.2 diameter). The
heating system works on the principle of a voltégedback loop such that adjustments in the volea@drol the
temperature of the sample holders. This was nitatss by the need to maintain a constant temperditu the samples
during the measurements. Diffuse transmittancediffigse reflectance as well as the total transméaof each gel (see
Table 1) was measured in triplicates on a spectem{®©cean Optics USB4000) coupled to the spheirgyues fibre
(diameter=600 um, Ocean Optics). The spectronvedsrset to take an average of 10 measurementsatgdgover 10
ms. By fitting the measured data to a tissue satmg calibration modely, andp's were extracted using the multiple
polynomial regression method and the Newton-Raphasgarithm [1].
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2.1 Gel Preparation

Figure 1: The Experimental setup

PNIPAAmM-co-BIS gels were prepared by crosslinkind®AAm with methylene-bis-acrylamide (BIS) in an agus
medium using a solution free radical polymerizatiethod [2]. The crosslink density (i.e R) of tredsgvaried between
91-30 by changing the NIPAAM:BIS molar ratio (Taldle The gels were prepared in cuvettes (Figuravi?h a
thickness of ~4 mm. Two microscope slides wera usesandwich a black spacer (Figure 2b) and the ge

Table 1: Composition of the PNIPAAmM gels (Rmaaw/Neis, BIS is methylene-bis-acrylamide)

R 91 70 50 30
NIPAAmM mass/g 1 1 1 1
BIS mass/g 0.015 0.019 0.027 0.045
NIPAAmM mol% 98.91 98.62 98.06 96.80
BIS mol% 1.09 1.38 1.94 3.20
Miscroscope slides
(@) (b)

Figure 2: (a) The cuvettes

(b) the spacedus



3. RESULTSAND DISCUSSION

3.1 Optical Property M easurements

The aim of this study was to determine the opticaperty changes occurring in PNIPAAm-co-BIS geithvR of 90-30
as a function of temperature. By studying thednaission and reflectance measurements (data toltdsiped), a clear
relationship with the phase transition of the gabwbserved. This was then directly correlated, andy's for the gels
at different temperatures. The results, shownigurie 3, indicate that for PNIPAAmM-co-BIS gels wig®91-R30, the
scattering coefficient is temperature-dependentteftperatures below 33 all gels display a low's which oscillates
around Ocrl. The negative values are treated as being zdicaiting little to no scattering. However at tengiares >
33°C for gels R91-R50 and >36°C for R30 there is adramd sharp increase jr as the phase transition occurs. It is
well known in literature that at temperatures beltsM.CST, PNIPAAmM gels are transparent, form hggno bonding
with water, and display a swollen coil conformatiorlowever at temperatures above its LCST, the glelsk, and
become opaque, and change reversibly to a comgabulg conformation, which is dominated by hydropico
interactions. The observed increase in light sdatieas the temperatures passes over the LCST eattributed to the
change in molecular conformation from coil to glebu

Reduced Scattering coefficient of Gels as a function of Temperature

N
o

N
o

w
o

e

NN W
o o1 O

|/ f

i

/]

=
o

o

o

Reduced Scattering coefficient(cm ™)

=
(6]

N

B

N

(2]

N

[e5]

w

o

w

N

W

@

ey

o

B

N

&
\

KR
o

Temperature (°C)

|—RS0A <~R50 —+~R30 —R70 —*-R91 |

Figure 3: 4's as a function of temperature for the gels

This phase transition was observed to be more m@middominant for the gels with lower crosslink sign(i.e R=91 and
70) than for gels with a higher crosslink densitg =50 and 30). This could be attributed to tighér NIPAAmM
content in the former gels, which contain less ginker. At 40°C gels (R30) and (R50) reach a mmah p's of
(~15cm") even though there is a difference in the initiue ofy’s This could be due to the close structural relatiqms
between the two samples. The increase in ther dtvo gels is more distinct and was found to rendifferent for the
entire duration of the phase transition observétiis could be a means to distinguish between tfferdnt gels No
comparative literature data could be found forghgicular PNIPAAmM-co-BIS gels investigated in thisidy. However
measurements on linear PNIPAAm (prepared by a aimilethod but without BIS) was found to be betw8ehcm®
for u's at temperatures between 26*@0 and compared well to published data [3]. Tlismgle was however not
investigated in depth and is reported here witlaiguacertainty.

In the temperature range investigated (28230u, was in most instances shown to be negligible ¢ecabietween 0.05-
0.12 cm') as seen in Figure 4. The initial values figrat temperatures before the phase change occtakeis to be
invalid for this particular method of evaluationedto the absence of scattering within the samptettis region.

However once the phase transition has occupes found to be negligible. This corresponded wthk UV-VIS

absorption spectrum of PNIPAAmM (shown in Figurghgt did not indicate an absorption peak at 6328 The early
peak indicated in Figure 5 may be due to the insémi used and not necessarily a characteristih@fsample.
However for this particular study that region was an area of interest. The measurement of therpti@o spectra of



the gels was a separate and independent study flukheation between 0.1 and 0.18 ¢ror gels (R=70 and 91) was
taken to be invalid as it applies to the pre-pheamesition phase but the values do tend to zere ¢ime change occurs.
However for all the gels at temperatures >33°Celieia sharp drop in absorption as the materialse®its LCST. The
negative values predicted can again be assumee treto as it is possible the predictiongfclose to or on the
boundary of the prediction model is less accurhen tvalues falling within the matrix of the caliboam model [4].
These changes occurring in the fundamental opgicaberties of the gels in this instance is evid#ntome structural
changes occurring within the gel, which changdsoitn having minimal scattering to relatively stroscattering. The
scattering properties are dependant amongst abnetse refractive index of the sample.

Absorption coefficient of Gels as a function of Temperature
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Figure 4:u, as a function of temperature for the gels

Absorption spectra of PNIPAAmM in water
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Figure 5: The Absorption spectra of PNIPAAm in wate



3.2 Light Propagation through the Gels

Eachp, andp's was then input to the ASAP software to model thappgation of light through the gel. In this pautar
instance the absorption at different layers ingblewas modeled during the transition process.

Figure 5: Absorption at a depth of 3.48 mm in geR)~(a) at 38C (b) at 39.8C

It is a point to note that distribution of the alimnce for the 2 temperatures in the same gelrisdifferent. There is
more absorbance at the lower scattering@3@han at the higher scattering (3&p as illustrated in Figure 5. These
observations correspond to a change of 0.02 ¢on the absorption coefficient and ~16 ‘trfor the scattering
coefficient. These observations illustrate how thgtical properties of a sample influence the et&on and
propagation of light within the sample. A simildistribution is seen for Gel (R91) as shown in fegé. It must be
noted that the distribution once the transition besurred is similar but the actual absorption mmaxn through the
sample differs as indicated in Figures 5 and 6.

Valume ABSORPTION

Figure 6: Absorption at a depth of 3.47 mm in gefR)~(a) at 33.5C (b) at 39.8C

Having studied the pattern of the distribution lné absorption, the average absorption at diffedlepths within the gel
samples was investigated using the experimentadtgrchined values fop, and p's (see Figure 7). At the first
temperature where a distinct observation was maitle riegard to the optical properties of the différeels, the
absorption through the samples was found to beselerelated to the crosslinker density i.e. G9%) > Gel (R70) >
Gel (R50) > Gel (R30). The absorption appearstadnstant throughout the gel. However a peakaps the centre
of the sample. This observation is a matter chgieterest even if the absorption is consideregligible and will need



to be studied further. This peak was not evidenttlie other temperatures evaluated. The modelalgsassessed
further to determine if this was a result of thedslo However this examination revealed that tfseilts were not due to
the model. It wasnteresting that the absorbance of the gels waadfdo be directly related to the molar ratio of
NIPAAmM: BIS (R). With an increasing molar ratio dfIPAAm to BIS, the crosslink density decreases émel
absorbance increases. This could be attributedegtesence of more freely mobile chains in the &esslinked gel
R91 compared to the higher crosslinked gels whietaore tightly packed.

Average Absorbance at different depths of the different gels at the first
observable point of change
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Figure 7: Average absorption at the first obsemglint of change for the different gels

Average Absorbance at different depths of the different gels at the point
where the observable changes appear to be complete

16

1421 M
10 T~

Absorbance
*10-6

|

O N M OO O

2
Depth into gel (mm)

‘—0—50@39.5 —=—30@39.6 —— 70@39.9 —0—91@39.9‘

Figure 8: Average absorption at the final obsermadaint of change for the different gels

The opposite pattern was noticed for the averageragkion once the change was complete (FigurélBgre was a close
relationship between Gel (R91) and Gel (R70) artvden Gel (R30) and Gel (R50). There was a sligtrease with

the first few mm into the gel, most probably dudhe backscatter light from the deeper levels, thed the absorption
decreases as the light penetrated the gel furffiee. average absorption as shown in Figure 8 isidar Gel (R30) and



Gel (R50) than in the first instance (Figure7) &igher for Gel (R70) and Gel (R91). This wouldadeonsequence of
the optical and structural changes occurring withase gels as stated previously.

4. CONCLUSIONS

The first known absorption and scattering coeffitseof the series of gels with different crosslinélensities has been
successfully determined. Furthermore they have bsed to model the absorption of light throughgékfor the
different conditions and at the different depth®igsASAP software (Breault Research Organization,)l The results
for the absorption fit well with the known absoggticharacteristics of the gel.
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