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Abstract

The objective of this research project is to thetdffectiveness of using polNsfisopropylacrylamide) (PIPAAmM)
coated onto a multilayered scaffold. FibroblasB 8€lls normally grow as a monolayer that adheydke surface
of tissue culture plasticware. Since the cellsagag a monolayer, the surface area of the plastewa which they
are growing limits the number of cells that carhbevested. Prior work has shown the applicabdftyapid
prototyping to design a functional, autoclavabldtit@yer scaffold, on which high density mammalieils can be
grown. The capability to increase the bioactivity ie taffold makes this technology an advancement in
designing a scaffold because of the increaseguogliferation. Aqueous PIPAAm, used as a coatirag heen
extensively studied and is known as a temperatmsiive polymer that will allow the cells to detacom the
scaffold when the temperature is decreased belevotker critical solution temperature (LCST) of 32°
Therefore, PIPAAmM coated onto scaffolds can be aseah effective method to detach a significaniijér
number of healthy cells, thereby making the proesgyme free and more efficient. PIPAAmM was grhfiato
surfaces using two different methods in this redeadvoth of which are different from the most conmgpafting
method used today. The most common grafting metised electron beam irradiation to both polymerim graft
the monomeN-isopropylacrylamide (IPAAm) onto a surface. Besman electron beam was unavailable, the two
methods tested in this research were the adsorptaihod used by Callewaert’s gréumd the ultraviolet
monomer grafting method used by Morra’s groupoth methods showed that using PIPAAm to dethefcells
greatly increased the number of live cells released
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1. Introduction:

1.1. background:

In recent years, research in the field of tisswgrexering has grown exponentially. The term “tessmgineering”
has now been around for more than 30 years andisé&scon regeneration of neotissues from cells thidlsupport
of biomaterials and growth fact8rsThe end goal of the tissue engineering processhe @ble to culture an organ,
bone or other body part that a person has lostifumof, typically through disease, a congenitat@imality, or
trauma. In this case, research is focusing onisBaa engineering of organs. According to theridgonal
Association for Organ Donation, every day in thatebh States 19 people who are on the organ wadishdie from
not receiving an organ transplant. Furthermoralendpproximately 27,000 people receive an organdplant each
year in the United States alone, there are ovej0D0O0people waiting for an organ and that numbeneiaises by
approximately 4,000 each monthBecause the demand for organ transplants faveigits the supply, scientists,
physicians, and engineers have turned to tissu@esing as a viable, and now, very real, possjbitir those in
need of a new organ.



An important aspect of tissue engineering ishthieresting of cells once they have become contflu€ppically
adhered cells are treated with a proteolytic enzysueh as trypsin, to harvest the cells from celtlishes.
However, trypsin, being a protease, often damagks in the last decade many researchers haventiegaearch
for an alternative method of cell detachment. Oinhve methods is to use thermoresponsive polytoenarvest
cell®. These thermoresponsive polymers are mostly basguly(N-isopropylacrylamide) (PIPAAm), which
allows cell growth and proliferation and then hatireg of the cells by simply decreasing the temjpeeabelow the
lower critical solution temperature (LCST) of apgroately 32°C.

In this study 3T3 fibroblast cells originallyrileed from a cell line of embryonic Swiss mice weised. Because
fibroblasts 3T3 cells can proliferate and grow awnlly given the right amount of media and coruis, they are
an excellent model to study.

The hypothesis in this research is that by compgithe use of PIPAAmM with a multilayer scaffofdit only will
more cells be able to be grown than on a monolsydace, but also the cells can be detached witheing
damaged by trypsin in the process. Also, basegtrevious work done by Burtdnthis research will look further
into varying the volume ratios of the scaffoldsrttselves, hypothesizing that the scaffold with thghést volume
ratio will have the most amount of cell growth. this case the term “volume ratio” means the pdroéthe
volume of the scaffold out of the same object iéts solid.

2. Methodology:

2.1. cell culture:

The process of designing a scaffold for high dgrl mammalian growth is one that involves maystesmatic
techniques. The first procedure requires cultuif@ mouse fibroblast cells. Culturing is the pracesere cells
are cultivated in a laboratory under conditiong #ire controlled irex vivo and the specific idea to maintain cells
separate from their original environment. The méslicomposed of 880 milliliters (mL) of Dulbeccatsodified
eagles medium (DMEM), 10 mL of penicillin/streptociy, 10 mL of I-glutamine, and 100 mL of fetal cafrum
(FCS). Two other important materials used in tlxjgsegiment are trypsin and phosphate buffer sai&S), which
are used for detaching the cells from the wallthefflask.

Cell culturing is a continuous process that éntaowing cells under aseptic conditions. Ondeafety and
sterile measures have been taken, the first steprieving the flask of cells from the incubatomeTincubator
maintains the proper conditions for cells by coalfitrg temperature and humidity, thereby creatingeamironment
that is conducive to cell growth. In this caselscate incubated at 37°C and 5% L @fter the cells are under a
sterile fume hood and the spent media has beens#gpof, 3T3 fibroblast cells need to be removethfthe
surface of the flask. Ten mL of PBS are added edltsk and then disposed of to wash off any laosgead cells.
One mL of this enzyme is pipetted into the flagiofwed by placing the flask into the incubator &aother six to
eight minutes (longer amount of time if more celtesent). Trypsin is the enzyme used in facilitatime
detachment of cells at a faster pace. Re-suspeftitgngnzyme and cells with an additional nine mimefia is
essential before centrifuging the cells. The Modkb centrifuge (Beckman) is used at 800g for fiviautes.
Using the centrifuge, cells are spun down intogidbrm and then after removal of trypsin and tlteroedia, they
are re-suspended in 10 mL of fresh media. If thed gbthe process is to simply sub-culture to pdewew area and
media for growth, then one mL of the re-suspenadid ¢s pipetted into a T10 tissue culture flagkgl with nine
mL of fresh media. If additional experiments al@nped for these cells then 2.5 mL are placedéatth of three
different T25 flasks along with 22.5 mL of medi@he process of culturing cells should be carriedevery three to
four days to eliminate the competition of resouraed promote cell growth.

2.2. autoclaving:

Sterilization is the chief component that allowstfee killing of bacteria, germs, fungi or any atfarmful diseases
that would contaminate the fibroblast 3T3 cellse@fically, autoclaving is the methodological presdy which
any traces of these contaminants would be destr@efdre they were used for experimentation, stddfavere
sterilized in an autoclave at 121°C and a pressitd 0 kPa.



2.2.1. materials:

In past experiments Burton determined the matéhilis best suited for designing a scaffol@hoosing a material
that is both compatible with the rapid prototypimgchines and also autoclaveable was a requirentesr w
designing the multilayered scaffold. During this@arch a test was completed in order to ensuredidtiose
requirements were meet. In the Rapid Prototypingt€g RPC) at the Milwaukee School of EngineeriM&QE)
there were eight materials that could be examine@Xperimentation. The materials included: DurarGF (glass
filled), DuraForm Flex, DuraForm PA (polyamide), @dza25, Polycarbonate, Acrylonitrile-Butadiene
Styrene(ABS), Polyphenyl Sulfone (PPSF), and ZP-131

2.3. poly(N-isopropylacrylamide):

Poly(N-isopropylacrylamide) (PIPAAmM) can be grafted oatsurface using many different methods. The most
common practice among researchers is the eleceamlyrafting method described by Okano’s gt@upn this
method,N-isopropylacrylamide (IPAAm) monomer is dissolvedsopropyl alcohol, added to a polystyrene tissue
culture dish and then irradiated with an electrearh. With this procedure IPAAmM was both polymetiaad
grafted onto the surface of the dishes using theteln beam. However, since a high-powered eledieam was
unavailable for this research, other methods weaenied.

A different method of applying PIPAAm to substrén a tissue culture dish was researched by @add's
group™. Briefly, this method dissolved PIPAAm in Milli-@ater and then heated the solution to both 25%C an
50°C. The solution was then applied to glass satzsand analyzed.

One final method found in literature is explalri®y Morra’s group and uses UV irradiation with bephenone
(BP) to both polymerize and graft IPAAm in a Pelish®. This method dissolves IPAAm and BP in isopropyl
alcohol and then irradiates the solution in thelsver approximately 30 minutes at a maximum of 8&@Bometers
(nm). Because Morra’s group concluded that an IR @®ncentration between 30% and 40% wt. allowedHer
best yield of cells recovered, a percent weigl8s%fo was used in these experiments. Followingrtlagliation was
an extensive wash of the wells with isopropyl alaldlto remove any unreacted IPAAmM) and cold Milliv@ter (to
remove any ungrafted PIPAAm).

2.4. fourier transform infrared spectr oscopy

Fourier transform infrared spectroscopy (FT-IRa iype of measuring technique for collecting infdhspectra. It
is commonly used in research to analyze compoundspecimens on the molecular level. FT-IR is eisfig
useful to determine if a polymer layer has attadkssdf to plastic. In this case, the Nicolet 6 DR (Thermo
Electron Corporation) model was used for the FTs¢8n.

2.5. cell seeding:

Cell seeding has a profound effect on how theiselble to proliferate within the scaffold. In lisgure, methods
have been reported with the purpose of figuringhamut to efficiently seed the cells onto a scaffolhging from
simple techniques such as static seeding all thetevenore advanced seeding methods similar to pleszerfusion
seedingDepending on the function of the scaffold, thil determine which method would be applicable fell ¢
seeding. In this experiment, centrifugal force Wesmethod that was employed. Centrifugal foreelsey allows
high efficiency seeding at low cell concentratioising fewer disposal items. Also being able tod/eelfairly even
distribution of cells throughout the entire constrmade this an appropriate technique to replicetés procedure is
a step that determines how well the fibroblastscate able to attach and proliferate throughoustadfold. For the
case of this research the device used to seecliser@s a Red Rotor shaker Model PR-70 (Hoefezrific
Instruments, San Francisco) set at a very lowrggftir 10 minutes. The six-well plate with eachlwaving
approximately 100,000 cells was put on the shadethiis time period before the three to four dafymoubation.

2.6. cell counting:
The method utilized to calculate cell populatiomdived using a Neubauer cell counting chamber asofa

hemocytometer. Once the cells have been counteglj@ation can be used to determine the total nuofleells in
each container. Equation 1 (shown below) is uscoliows:
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Total cells countedx dilution factor x 10,000 = cells/mL (1)
Number of squares

2.7. rapid prototyping:

The goal of the scaffold is to create a desigrutchsa way that the cells would be in close proxirbitit at the same
time allow the growth of cells to be separatechiyelrs mimickingn vivo. Rapid prototyping is a unique process
that allows a scaffold to mimic the function of @ural extra cellular matrix in the body. The pui®l to increase
the bioactivity in the scaffold makes this techmgi@n advancement in designing a scaffold becaitbe o
increased cell proliferation. In general, rapidtptgping takes virtual designs from computer aidedign (CAD)
software and then builds the structure up by ceessions in physical space. This process is replickyer after
layer until the model comes to completion. Theareseveral machines by which this process can impleted. In
the case of this research, the 3D CAD design softwaown as SolidWorks™ was used to design thdadafy
first designing a tetrahedral base unit and combjitiase units to build the structure. After desiba selective
laser sintering (SLS) method was applicable tosttadfold design because the SLS machine is consttic such a
way that uses a high power laser to selectivelg 8mall particles of powder that are later reprieskas a three-
dimensional object. SLS process creates solid ®jBots, layer-by-layer, from plastic, metal, oramaic powders
that are "sintered" or fused using £@ser energy. Various plastic-based powders are used to petlrctional
models directly in the SLS process. This prefefedutication process is ideal for producing anidatie structure
that requires precision and accuracy.

3. Experimentation:

The set up for this experimentation involved usiteyile tissue cultured treated polystyrene (TC&yvell plates.
Initial testing for grafting of PIPAAmM was carriedit by directly coating the surface of the wellsowever, once
the grafting method was determined, three diffeseaffolds with varying lattice structure porosstiar “volume
ratios” were placed inside the six wells plateggufe 1 shows the three different scaffolds useekjperimentation.
On both the top and the bottom of the well plagrehwere three different lattice structures withyiray volume
ratios, together holding six scaffolds in the fingll plate. This is shown in Figure 2 below. Tell plate had two
of each scaffold volume ratio. The top half wasduor PIPAAmM coating, while the other half hadRi® AAm
coating. A second well plate was utilized to acaacontrol without using any scaffolds. Eachhef $caffolds was
seeded with 100,000 cells in approximately 6.5mimeflia so that each well would be starting withsame
amount of cells.

Figure 1. Scaffolds with three different volume ratios. (from left to right: 28%, 44%, 61%).



Figure 2. Set-up of scaffoldsin six-well plate.

The first attempt at grafting PIPAAmM onto the walfghe 6-well plates was done using the adsorptiethod
employed by Callewaert’s grotip However after two attempts at grafting the padyrim this manner, no cells
could be detached from the surface of the wellsurier transform infrared (FT-IR) spectroscopy (ésed further
below) confirmed that PIPAAmM was coated onto thdame. When the FT-IR outcome showed that PIPAAas w
indeed attaching to the surface of the wells, otieps were added to better assist in the detadtohére cells.
The two main steps added onto the process usealgw@ert's group were the use of ethylenediamtredeetic
acid (EDTA) to inhibit the calcium of the cells aadotor shaker to further enhance the detachnfaheaells from
the surface. EDTA is often used in tissue culttodsind to calcium and prevent calcium causedaniiesion
between cells, which often prevents detaching bkaeht cells, or clumping of cells grown in ligwdspension.
Because EDTA can be toxic in large amounts, thieaech made sure to use it sparingly and at lowerttrations.

A second method of grafting the polymer ontoshgace, employed by Morra’s grddpwas also tested. In this
case, the monomé¥-isopropylacrylamide (IPAAm) was directly polymes on the surface. This process used
benzophenone, IPAAm, and isopropyl alcohol as presly discussed to both graft and polymerize 1PAAdfter
the surfaces were coated with PIPAAm, cells weegled and incubated in the same manner as theyfovete
adsorption method. To release the cells from tinfase, EDTA and a rotor shaker were again botl urse
conjunction with the decrease in temperature.

4. Results:
4.1. rapid prototyping materials:

According to Burton, out of the eight RP materasilable at MSOE, five could not withstand theshaconditions
required for autoclavit§ Those materials included: DuraForm Flex, Accura®Sylonitrile Butadiene
Styrene(ABS), Polyphenyl Sulfone (PPSF), and ZP-Y¥8arping, bending, cracks in the structure, astlange of
the color and texture of the materials were alldations that these materials could not be usetksign a
multilayered structure. Of the three remaining mate that could be autoclaved only DuraForm PA wsed to
carry out Burton’s experiment. Since Duraform Pésvpreviously chosen as the best material avajlamas
used again for this research.



4.2. Fourier transform infrared spectroscopy of PIPAAmM

When two PIPAAm-coated surfaces (using the adsamptiethod) were tested with FT-IR to verify thaPRAmM
was indeed coating the surface properly, the resére consistent with the literattte Both the literature and this
research found major peaks at around 3008 and 1500 ci with many smaller peaks between 500"cand 1700
cm®. More specifically, the peak at approximately A%81* is known to represent the presence of the acrdami
group. Figure 3 below depicts one of these findings
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Figure 3. FT-IR spectra of 1.0 g/L PIPAAm.

4.3. cell growth:

Figures 4 and 5 below depict the results from we methods of PIPAAm grafting tested in this resbarFigure 4
shows the outcome from the adsorption grafting odtlvhile Figure 5 shows the outcome of the UV nroao
grafting method. It is important to note that bgtaphs use logarithmic scales for the y-axis ttebg@ortray the
findings.

Results from Adsorption Grafting Method
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Figure 4. Céell population for control scaffold using trypsin for cell
removal vs. for the PIPAAmM coated scaffold.
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Results from UV Monomer Grafting Method
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Figure5. Cell population for control scaffold using trypsin for cell
removal vs. for the PIPAAm coated scaffold.
5. Discussion:

Despite the fact that Callewaert's methods werlewadd very closely, this research originally faitedyield the
desired results. It was concluded that by sim@galving PIPAAmM in Milli-Q water and then heatiitgo 50°C
before applying it to a surface cannot be consitiareiable option if the end goal is to use thigae to grow cells
on and then have those cells detach when the tamoperis dropped below the lower critical soluttemperature
(LCST) of 32°C. However, when additional steps wesed to enhance the releasing of the cells, thdtsawere
much more desirable. In fact, when EDTA and ttierrehaker steps became part of the procedurértieds
matched the hypotheses almost entirely. This wpeaally true for the results of the adsorptiorthod of
grafting.

As the graph suggests, when PIPAAmM and EDTA wsegl instead of trypsin to release the cells, éetwi8 and
40 times as many cells were released. Furtherntoedyighest volume ratio of 61% also had the raastunt of
cells released from the scaffold reaching 4.7125710The one peculiar result from both the adsorpthethod and
the UV monomer grafting method is that the welk tledeased the highest amount of cells was theralontll
without a scaffold. This is different than Burtemesearch that proved that using a scaffold fihigcewth allows
for more 3T3 fibroblasts to be harvested than wiréng a monolayer surfae This result was most likely due to
that not all of the cells were able to be reledsaah the intricate nanostructure of the Duraform fAterial as they
were for the TCPS six-well plates.

6. Conclusion:

To sum up, the data from this research supporteyhetheses made before beginning the experimentaiihe
highest volume ratio of 61% allowed for the maximamount of 3T3 fibroblasts to be harvested. Moegpusing
a PIPAAm coating in concurrence with EDTA greatigrieased the number of live cells that were hagdesthen
compared with the number of cells that were haedessing trypsin. This is another important steptiowing that
trypsin is not needed for the cell culturing pracas it is known to cause damage to or alter thetionalities of the
cells on which it is being used. Future work iisthrea could look further into using PIPAAmM togathvith other
materials (i.e. collagen) to increase cell growid aumber of cells released. Other topics thaldcbe further
researched include using a biodegradable materi@hfiking the scaffold from rapid prototyping, &lg the
structure of the scaffold from the tetrahedral e to some other structure that may increasauheber of cells



able to be released from the scaffold, or usinglaatron beam to polymerize and graft IPAAm ont shrface
since it is the most common method used in todagsarch.
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