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THERMORESPONSIVE FDM PRINTER FILAMENT FOR FORMING VASCULAR
CHANRNELS IN HYDROGELS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of and priority to U.S. Provisional Application
No. 62/719,785, filed on August 20, 2018, the entire contents of which are hereby incorporated

by reference.
STATEMENT OF GOVERNMENT INTEREST

[B002] This imvention was made with government support under Grant number 1506717
awarded by the National Science Foundation (NSF}. The government has certain rights in the
mvention.

INTRODUCTION

(000 3] Additive manufacturing approaches have significant potential to revolutionize the
field of tissue engineering, and are increasingly being used to pattern both cells and void spaces
in engineered tissue constructs. In order to maintain cell viability in thick engineered tissue, a
vascular network of fluidic channels is required. When perfused, an artificial vasculature can
provide necessary soluble compound exchange to all emabedded cells. While additive
manufacturing approaches have been used to produce sacrificial templates to form such
channels, they currently require expensive and complex hardware {which hinders widespread
use}, and rely upon fugitive gel inks with limited mechanical properties {(which hinders the

production of fine or complex geometries).

[6004] One of the most sigrificant hurdles currently holding back the progress of tissue
engineering is the production of a 3D vasculature throughout thick artificial tissue constructs.
Thin engineered tissue constructs have limuted utility for clinical or research needs due to their
mabilfity to appropriately mumic the quantity, density, and organizational complexity of desired
cells. Any engineered tissue construct of significant thickness {(greater than a few hundred
microns} that contains metabolizing, functional cells must also include an artificial vasculature
that allows, via perfusion, delivery of necessary soluble compounds to all cells throughout the

scaffold volume. Without such a vasculature, cells will die from ischena, leading to a necrotic
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core within the engineered tissue that hmits the utility of the construct for regenerative or
research applications. It 15 still, however, a major engineering challenge for most researchers to
form channel networks i hydrogels, and because there 18 no one widespread approach to this
fabrication need, there 1s still room to develop a simple, inexpensive, and robust system to form

these structures.

SUMMARY

[B005] In one aspect, the present disclosure provides a method for preparing a solid
scaffold, the method comprising: printing a biocompatible polymer composition comprising a

thermoresponsive polymer using a fused deposition modelling printer to form the sohid scaffold.

[6006] The solid scaffold disclosed herein may comprise vascular branches, which define a
3-dimensional vascular structure. The sohid scaffold may be used a sacnificial template for
fissue engineering. In some embodiments, provided herein are methods of manufacturing a
tissue comprising: contacting the solid scaffold as disclosed heremn with a plurahity of cells

within a matrix; and culturing the cells.

(80671 In another aspect, the present disclosure provides a biocompatible polymer
composition comprising a thermoresponsive polymer and a plasticizer, wheremn the composttion

is capable of being printed by fused deposition modeliing.

[6008] In another aspect, the present disclosure provides a three-dimensional vascular
structure comprising a biocompatible polymer composition comprising a thermoresponsive

polymer,

BRIEF DESCRIPTION OF THE DRAWINGS

[B009] FIG 1A shows an extruded plasticized Soluplus® filament (1.75 mun diameter) to be
used n a typical FDM printer. FIG. 1B shows the results of modulated DSC thermogram of
pure and plasticized Soluplus®, indicating an expected lowering of the Ty, FIG. 1C shows a
representative printed thermoresponsive sacrificial termaplate with branching structure

{approximately 1 coix 1 cm).

o]
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[6010] FIG. 2 shows representative results of rheological characterization of pure
Soluplus® (a polyvinyl caprolactam-polyvinyl acetate-polyethyvlene glycol gratt copolymer).
Storage and loss moduli as a function of decreasing temperature was measured, highlighting the

gel-to-sol transition that occurs around 37 °C.

[6011] FIGS. 3A-3F show the representative branching channels formed by the printed
template structures in gelatin crosslinked with microbial transglutaminase. FIGS. 3A and 3D
show CAD design of two varieties of branching channel structures. FIGS. 3B and 3E show the
3D printed sacrificial thermoresponsive templates made from plasticized Soluplus®. FIGK. 3C
and 3F show the channels formed in gelatin hydrogel perfused with a concentrated solution of
green fluorescent beads (scale bars are 2 mm). FIG. 3G shows more complex channels formed

trom FDM-printed thermoresponsive structures.

[8012] FI(3. 4 shows green fluorescent protein {GFP) expressing human umbilical vein
endothelial cells (HUVECs) seeded on the inner walls of branching channels (FIGS. 1A-1C)

defined in enzymatically crosslinked gelatin using sacrificial FDM-printed Soluplus®.

[6013] FIG. 5 shows a representative fluorescence microscopy image of red fluorescent
beads flowing m a channel network formed by a hybrid approach employing FDM-printed
thermoresponsive sacrificial templates and solvent-spun thermoresponsive sacrificial
microfibers. The inset in the upper right shows a higher magnification view indicating the
interface between the printed channels and the fiber-formed channels (insert scale bar is 100
umy.

DETAILED DESCRIPTION
[6014] Disclosed herein are polymer materials (such as polymer filaments) which may be
used i an FDM-style 3D printer (e.g., Makerbot, RepRap, Stratasys, etc.} and may serve as a
sacrificial template in cell-laden matrix (such as hydrogels). The matenials described herein
may be printed with high resolution, and may dissolve in cold aqueous solutions but not warm
agueous solutions, enabling a temperature-triggered process to form channels in hydrogels.
Because the components of the materials are biocompatible, the materials do not cause any

harm to cells within the engineered tissue construct. In particular, the present disclosure relates

to FDM printing of a thermoresponsive material to form a sacrificial template or scaffold. For
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example, the materials disclosed herein may be used to make vasculature i an engineered tissue

construct using a simple FDM 3D printer known in the art.

1. Definitions

[6015] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordmary skill in the art. In case of conflict,
the present document, mcluding definttions, will control. Preferred methods and matenals are
described below, although methods and materials similar or equuvalent to those described herein
can be used 1n practice or testing of the present invention. All publications, patent applications,
patents and other references mentioned herein are incorporated by reference m their entirety.
The materials, methods, and examples disclosed herein are illustrative only and not intended to

be limiting.

% Gk

[0816]  The terms “comprise(s),” “include(s),

3% <4 3% <4 133 >

having,” “has,” “can,” “contain(s}),” and
variants thereof, as used herein, are intended to be open-ended transitional phrases, terms, or
words that do not preclude the possibility of additional acts or structures. The singular forms

[T

a,” “an” and “the” include plural references unless the context clearly dictates otherwise. The

2% ¢4

present disclosure also contemplates other embodiments “comprising,” “consisting of” and
“consisting essentially of,” the embodiments or elements presented herein, whether explicitly

set forth or not.

[6017] The modifier “about” used in connection with a quantity is inclusive of the stated
value and has the meaning dictated by the context (for example, it includes at least the degree of
error assoctated with the measurement of the particular quantity). The modifier “about” should
also be considered as disclosing the range defined by the absolute values of the two endpoints.
For example, the expression “from about 2 to about 47 also discloses the range “from 210 4.7
The term “about” may refer to plus or minus 10% of the indicated number. For example,
“about 10%” may ndicate a range of 9% to 11%, and “about 1” may mean from 0.9-1.1. Other
meanings of “about” may be apparent from the context, such as rounding off, so, for example

“about 1”7 may also mean from 0.5 10 1 4.

[0018] Definitions of specific functional groups and chemical terms are described in more

detai]l below. For purposes of thus disclosure, the chemical elements are identified in
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accordance with the Periodic Table of the Elements, CAS version, Handbook of Chemistry and
Physics, 75" Ed., mside cover, and specific functional groups are generally defined as described
therein. Additionally, general principles of organic chemistry, as well as specific functional
moieties and reactivity, are described in Organic Chemisiry, Thomas Sorrell, University

Science Books, Sausalito, 1999; Smith and March March's Advanced Organic Chemistry, 5™
Hdition, John Wiley & Sons, Inc., New York, 2001, Larock, Comprehensive Organic
Transformations, VCH Publishers, Inc, New York, 1989; Carruthers, Some Modern Methods of
Organic Synthesis, 3" Edition, Cambridge University Press, Cambridge, 1987, the entire

contents of each of which are incorporated herein by reference.

[6019] The term “biocompatible” refers to a composition that is not toxic to a living cell,
such as a human cell. For example, the composition may be compatible with, and cause no
harmful effect to, the normal life cycle of the cell, including cellular growth and division, signal

transduction, and physiological functions.

[6020] The term “disintegration temperature” refers to a temperature or a temperature range,
below which a polymer composition changes its physical form from a solid, semi-solid, or gel
state to a hiquid state. As an example, the polymer composition may be hydrated (such as by
being embedded in an agueous or moisturized environment, e.g., a hydrogel matrix}, and may
maintain a solid or gel state above the disintegration temperature. As the temperature reduces
below the disintegration temperature, the polymer composition may become a liquid and/or
dissolved in the water from the environment, thus becoming “dismtegrated” as compared to its
original state above the disintegration teroperature. The disintegrated polvmer composition may
be removed from the environment {(e.g., a hydrogel matrix} by rinsing or perfusion of the

environment,

[6021] The term “fused deposition modelling” generally refers to a printing process in
which objects are formed by layering fusible material 1 a controlled manner such that a desired
three dimensional shape can be created. This process also may be referred to as “additive
prunting.” Typically in a fused deposition modeling process a fused deposition modeling printer
is used. For example, the printer may have a three dimensionally moveable print head. The

fusible material may be fed into the print head in the form of filaments. In a typical process, the
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print head heats up the fusible filament which s subsequently melted, extruded from the print
head and deposited as multiple lavers {e.g., one layer sequentially deposited on top of another
previcusly deposited layer). The printed object then may be allowed to cool down and solidify.
Thus a fused deposition modeled object may grow with each deposited layer and gradually

attains 1ts desired shape.

[8022] The term “thermoresponsive polvmer” refers to a polymer having a physical or
chemical property that undergoes a discontinuous or binary change in a temperature-dependent
manner. For example, the physical conformation or polarity of a thermoresponsive polymer
may change in a temperature-dependent manner, and the thermoresponsive polyvmer exhibits a
first conformation below a threshold temperature and a second, substantially different
conformation above the threshold temperature. In a particular example, a thermoresponsive
polymer exhibits an expanded coul or chain confirmation below a lower critical solution
temperature (LCST) temperature, and exhibits a compact or globular conformation above such
threshold temperature. The thermoresponsive behavior also may be observed when such
polvmer 15 placed in an aqueous environment. For example, the polymer may be in contact
with, or 15 embedded in a hydrated matrix (such as an aqueous solution or a hydrogel) and may
exhibit a thermoresponsive behavior such that thev are hydrophobic and insoluble above the
LCST, and become hydrophilic and soluble below the LCST. When warmed, the
thermoresponsive polymer may undergo a reversible hydrated-coil to hyvdrophobic-globule
transition as the temperature increases beyond the LUST, and above a critical concentration this

results in a macroscopic, reversible sol -2 gel transition.

[6023] For the recitation of numeric ranges herein, each intervening number there between
with the same degree of precision 1s explicitly contemplated. For example, for the range of 6-9,
the numbers 7 and & are conternplated m addition to 6 and 9, and for the range 6.0-7.0, the

number 6.0,6.1,6.2,63,64,635, 66,67, 68, 6.9, and 7.0 are exphoitly contemplated

2. Method

[06024] Thermoresponsive polymers may be biocompatible and combined with the cooling-
triggered disintegration behavior they exhibit can facilitate the production of well-defined

vasculature without exposing cells to harsh environments. Fused deposition modeling (FDM)
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printing is an established technique to form 3D structures using molten polymer, and 1s capable
of producing fine, complex features. Currently, no FDM-based printing process has been
established to pattern thermoresponsive polymers. In particular, most thermoresponsive
polymers do not inherently exhibit properties (e.g. melt temperature, melt tlow viscosity,

plasticity) appropriate for FDM processes.

[B025] While current agqueous-soluble filament material such as polyvinyl alcohol (PVA)
and high impact polystyrene (HIPS) may facilitate the production of complex solid polymer
geometries, a thermoresponsive {with appropriate transition temperature, Ty), non-toxic
sacrificial material is needed to produce void spaces in cell-laden hydrogels without
compromising cell viability. To date, no FDM filament with these properties has been
identified. Thus, there 1s a significant need for FDM printing processes and materials, such as
suitable thermoresponsive polymer filaments, for producing sacrificial structures, not only to
aid in fabricating solid structural parts but also to assist in providing a template for living

biomaterials for tissue engineering.

[0026] In one aspect, provided 1s a method of method for preparing a solid scaffold, the
method comprising;
printing a biocompatible polymer composition comprising a thermoresponsive polymer

using a fused deposition modelling printer to form the solid scaffold.

027 In some embodiments, the biocompatible polymer composition has a disintegration
temperature, wherein the polymer composition is in a solid or gel state above the disintegration
temperature, and wherein the polymer composttion 15 10 a hiquid state below the disintegration
temperature. The disintegration temperature may be at least 0 °C, at least 5 °C, at least 10°C, at
least 15 °C, at least 20 °C, at least 25 °C, at least 30 °C, or at least 35 °C. The disintegration
temperature may be less than 40 °C, less than 35 °C, less than 30 °C, less than 25 °C, less than
20°C, less than 15 °C, less than 16 °C, or less than 3 °C. o some embodiments, the
disintegration temperature 1s about 0 °C to about 40 °C, such as about 4 °C to about 37 °C, about
4 °C to about 36 °C, about 4 °C to about 35 °C, about 4 °C to about 34 °C, about 4 °C to about 33
°C, about 4 °C to about 32 °C, about 4 °C to about 31 °C, about 4 °C to about 30 °C, about 5 °C

to about 30 °C, about 5 °C to about 25 °C, or about 5 °C to about 20 °C. In some embodiments,

~J
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the disintegration temperature 18 about 4 °C to about 37 °C. In some embodiments, the
disintegration temperature 1s about 5 °C, about 10 °C, about 15 °C, about 20 °C, about 25 °C,

about 30 °C, or about 35 °C.

{281 The thermoresponsive polymer may include any thermoresponsive polymer which
may be suitably used as a feed matenal for a FBM printing process described herem and 1s
biocompatible for colturing living cells. In some embodiments, the thermoresponsive polymer
comprises a monomer selected from the group consisting of N-isopropylacryiamide, N,N-

glucose, G-methyl ghucose, lactic

b

diethviacrylamide, 2-{dimethylamino)ethyl methacrylate
acid, glycolic acid, caprolactone, vinyl caprolactam, vinyl acetate, ethylene glycol, and a

combination thereof.

[6029] In some embodiments, the thermoresponsive polymer comprises a monomer selected
from the group consisting of N-isopropylacrylamide, N N-digthylacrylamide, 2-
{dimethylaminojethyl methacrylate, and a combination thereof. For example, the
thermoresponsive polymer may be poly(N-isopropvlacrylamide), poly(N,N-diethvlacrylamide),
poly[2-(dimethylamino)ethyl methacrylate], or a copolymer of N-isopropylacrylamide with one
or more monomer selected from the group consisting of acrylamide, N-tert-butylacrvlamide,

acrylic acid, and allylamine.

[06030] In some embodiments, the thermoresponsive polymer comprises a monomer selected
trom the group consisting of vinyl caprolactam, vinyl acetate, ethylene glycol, and a
combination thereof. In some embodiments, the thermoresponsive polymer 1s a polv{N-
vinylcaprolacatam). In some embodiments, the thermoresponsive polymer is a copolymer
comprising vinyl caprolactam, vinyl acetate, ethylene glycol, or a combination thereof. In some
embodiments, the thermorespounsive polymer is a copolymer comprising vinyl caprolactam and
vinyl acetate, or a copolymer comprising vinyl caprolactam and ethylene glycol In some
embodiments, the thermoresponsive polymer 1s a copolymer comprising vinyl caprolactam,
vinyl acetate, and ethylene glycol. In some embodiments, the thermoresponsive polymer 13 a
graft copolymer comprising vinyl caprolactam, vinvl acetate, ethylene glvcol, or a combination
thereof. In some embodiments, the thermoresponsive polymer is a graft copolymer comprising

vinyl caprolactam and vinyi acetate, or a graft copolymer comprising vinyl caprolactam and
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ethylene glycol. In particular emmbodiments, the thermoresponsive polymer 1s a graft copolymer
comprising vinyl caprolactam, vinyl acetate, and ethylene glycol. For example, the
thermoresponsive polymer may be a polyvinyl caprolactam-polyvinyl acetate-polyethylene
glycol graft copolymer, such as the commercial product Soluplus® (BASF, Ludwigshafen,

Germany}.

[8031] In some embodiments, the thermoresponsive polymer comprises a monomer selected
from the group consisting of glucose, O-methyl ghicose, lactic acid, glyceolic acid, caprolacione,
and a combination thereof. For example, the thermoresponsive polymer may be cellulose,
methylcellulose, polv{N-vinylcaprolacatam), polylactic acid, polyglycolic acid, poly{lactic-co-

glyeolic acid), or polycaprolactone.

[6032] In some embodiments, the thermoresponsive polymer comprises poly{N-
isopropylacrylamide), poly(IN,N-diethylacrylamide), poly{2-(dimethylaminojethyi
methacrylate], cellulose, methyicellulose, poly{N-vinylcaprolacatam), polylactic acid,
polyelycolic acid, poly{lactic-co-glycolic acid), polycaprolactone, a copolymer of N-
isopropylacrylamide with one or more monomer selected from the group consisting of
acrylamide, N-tert-butylacrylamide, acrylic acid, and allylamine, a copolymer comprising at
least one monomer selected from group consisting of vinyl caprolactam, vinyl acetate, and

ethylene glycol, or a combmation thereof.

[6033] In some embodiments, the thermoresponsive polymer comprises a copolymer
comprising at least one monomer selected from the group consisting of vinyl caprolactam, vinyl

acetate, and ethylene glycol.

[06034] In some embodiments, the thermoresponsive polymer comprises a polyvinyl

caprolactam-polyvinyl acetate-polyethviene glycol graft copolymer.

[6035] Suitable thermoresponsive polymers may have a glass transition temperature (T,) of
about 30 °C to about 100 °C, such as about 50 °C, about 60 °C, about 70 °C, about 80 °C, about
90 °C, or about 100 °C. The glass transition temperature {Tg) may be less than 100 °C, less than

90 °C, less than 80 °C, less than 70 °C, or less than 60 °C. The glass transition temperature (Ty)

9
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may be greater than 50 °C, greater than 60 °C, greater than 70 °C, greater than 80 °C, or greater

< O <y
than 90 °C.
[6036] As non-limiting examples, suitable thermoresponsive polymers may nchude those

that do not degrade at a temperature of at least 100 °C. In some embodiments, the
thermoresponsive polymer 1s stable and does not degrade at a temperature above 100 °C, above
150 °C, above 200 °C, above 250 °C, above 270 °C, or above 300 °C. In particular
embodiments, the thermoresponsive polymer comprises Soluplus®, which is amorphous with a

glass transition temperature of about 68°C to 70 °C and degrades at approximately 278 °C.

[6037] In some embodiments, the biocompatible polymer composition further comprises a
plasticizer. The plasticizers may be any non-volatile compounds which improve the flexibility
and processability of the polymer composition disclosed herein, for example, by decreasing the
glass transition temperature. Suitable plasticizers for the polymer compositions disclosed herein
include those that do not demonstrate toxicity to iving cells. Addition of a plasticizer may lead
to multiple effects, including a reduction in viscosity, increased elongation, decreased tensile

strength, and improving the 1mpact resistance and resistance to fracture.

[H038) In some embodiments, the plasticizer comprises polyethylene glycol, acetyltributyl
citrate, propylene glycol, glycerol, polyoxyl castor oil, a poloxamer, or a combination thereof.
Other examples of plasticizers include plasticizing zein, hydroxypropy! cellulose, poly(lactic
acid) {(PLA) and poly(3-hydroxybutyrate} (PHB) blends, and PLA and acrylonitrile butadiene
styrene (ABS) composites. In some embodiments, the plasticizer comprises one or more
polvethylene glveols, such as PEG300, PEG1000, PEGS000, or PEGI00000. In some
embodiments, the plasticizer comprises polyoxyl castor oil, such as Kolliphor® RH 40 (BASF,
CAS No. 61788-85-0). In some embodiments, the plasticizer comprises a poloxamer, such as
Kolliphor® P188 (BASF, CAS No. 9003-11-6). In some embodiments, the plasticizer

comprises glycerol.

[6039] The thermoresponsive polymer and the plasticizer may be a mixture at any ratio to
achieve a desired property, for example, the disintegration termperature of the biocompatible
polymer composition and/or FDM printing results. In some embodiments, the

thermoresponsive polymer and the plasticizer may be present at ratio of 1:99 to 99:1 by weight.

10
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This includes, for example a thermoresponsive polymer to plasticizer ratio of about 10:90; about
30:70, about 50:50, about 70:30, about 90:10, about 95:5, or about 99:1. The thermoresponsive
polymer to plasticizer ratioc may be at least 10:90, at least 30:70, at least 50:50, at least 70:30, at
least 90:10, or at least 95:5. The thermoresponsive polymer to plasticizer ratio may be less than
99:1, less than 955, less than 90:10, less than 70:30, less than 50:50, or less than 30:70.
Adjusting the thermoresponsive polymer to plasticizer ratio to achieve an appropriate value may
be accomplished using techniques known in the art. In some embodiments, the
thermoresponsive polymer is Soluplus®, and the thermoresponsive polymer to plasticizer ratio
is about 90:10, about 95:5, or about 99:1. In particular embodiments, the thermoresponsive
polymer is Soluplus®, the plasticizer includes one or more polyethylene glycols, and the
thermoresponsive polymer to plasticizer ratio 1s about 90:10. For example, the polymer
composition may nclude Soluplus® at about 90% by weight, PEG300 (Mw 300) at about 7%

by weight, and PEG100000 (Mw 100,000} at about 3% by weight.

[06040] In some embodiments, the biocompatible polymer composition is in a form of
filament, e g., a filament suitable for printing using an FDM printer. The filament may havea
diameter of about 30 um to about 2000 pwm, such as about 100 pm to about 2000 um, about 500
pm to about 2000 pm, or about 500 pm to about 1500 um. In some embodiments, the filament
has a diameter of 200 um or lower, such as about 50 um, about 100 pm, or about 1530 um. In
some embodiments, the filament has a diameter greater than 200 um, such as about 500 um,
about 1000 pm, or about 15300 um. In some embodiments, the filament has a diameter of about

500 pm to about 1500 um.

[6041] In some embodiments, the biocompatible polymer composition is a filament having
a melt viscosity suttable for a 3D FDM printing process as disclosed herem. In some
embodiments, the filament has a melt viscosity of about 50 Pa's to about 200,000 Pa-s,
mcluding but not limited to about 100 Pa s to about 200,000 Pa-s, about 1,000 Pas to about
2G6,000 Pas, about 5,000 Pa s to about 200,000 Pa-s, about 10,000 Pa-s to about 200,000 Pa s,
or about 50,000 Pa's to about 200,000 Pa-s. The melt viscosity may be less than 200,000 Pa s,
less than 150,000 Pa-s, less than 100,000 Pa-s, or less than 50,000 Pa's. The melt viscosity may
be more than 50 Pa-s, more than 100 Pa-s, more than 1,000 Pa-s, more than 5,000 Pa-s, more

than 10,000 Pa s, more than 50,000 Pa-s, more than 100,000 Pa-s, or more than 150,000 Pa 5.

11
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[6042] The printing process as disclosed herein may be carried out at a temperature of about
50 °C to about 250 °C. In some embodiments, the printing 18 performed at a temperature of
about 60 °C to about 200 °C, about 80 °C to about 200 °C, about 100 °C to about 200 °C, or
about 120 °C to about 200 °C. In some embodiments, the printing 18 performed at a temperature
of about 100 °C to about 200 °C. The temperature may be greater than 100 °C, greater than 120
°C, greater than 130 °C, greater than 140 °C, greater than 150 °C, greater than 160 °C, greater
than 170 °C, greater than 180 °C, greater than 190 °C, or greater than 200 °C. The temperature
may be less than 200 °C, less than 190 °C, less than 180 °C, less than 170 °C, less than 160 °C,

less than 150 °C, less than 140 °C, less than 130 °C, or less than 120 °C.

[06043] In some embodiments, the printed solid scaffold disclosed herein comprises
vascular branches, which define a 3-dimensional vascular structure. In some embodiments, the
vascular branches have a diameter of about 50 um to about 5000 pm, including but not limited
to about 100 um, about 200 pm, about 300 pm, about 500 pm, about 1000 pm, about 1500 um,
about 2000 pym, about 2500 pm, about 3000 um, or about 4000 pum. The diameter may be
greater than 100 pm, greater than 200 pm, greater than 300 um, greater than 500 um, greater
than 1000 um, greater than 1500 um, greater than 2000 um, greater than 2500 um, or greater
than 3000 um. The diameter may be less than 4000 pm, less than 3000 pm, less than 2500 pm,
less than 2000 wm, less than 1500 um, less than 1000 wm, less than 500 pm, less than 200 um,

or less than 100 pm.

[0044] In anocther aspect, provided is a solid scaffold produced by the method disclosed
herein. The solid scaffold may be printed using a biocompatible polymer composition
comprising a thermoresponsive polymer as disclosed herein. In particular embodiments, the
solid scaffold may be printed from a polymer composition comprising a polyvinyl caprolactam-
polyvinyl acetate-polyethylene glvcol graft copolymer (such as Soluplus®} using an FDM

printer. The polymer composition may further comprise a sustable plasticizer.

[6045] In another aspect, provided 1s a method of manufacturing a tissue comprising:
contacting a sohd scaffold as described herein with a plurabity of cells within a matrix;
and

culturing the cells.
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[6046] In some embodiments, the printed solid scaffold disclosed herein may be embedded
i a matrix, which 1s laden with cells to be cultured. In particular embodiments, the matrixisa
hydrogel, such as a crosslinked gelatin gel. The celi-laden matrix may be prepared using
techniques known in the art. In some embodiments, the cell-laden matrix (such as a gel} is cast
over the solid scaffold, and the mixture is incubated to allow crosslinking of the matrix material

{(such as crosslinking of gelatin catalyzed by transglotaminase).

[6047] The solid scaffold disclosed herein may serve as a sacrificial template, which upon
disintegration provide a three-dimensional network of vascular channels defined by the vascular
structure {(e.g., branches with micrometer scale diameters) of the solid scatfold. For example,
the composite material formed by the cell-laden matrix and the solid scaffold may be exposed to
a reduced temperature below the disintegration temperature of the biocompatible polymer
composition, from which the solid scaffold s formed by FDM printing. The reduced
temperature may cause the polymer composition to transform to a liquid state and/or dissolve in
the surrounding aqueous solution. Subsequently, the disintegrated scaffold may be removed
from the matrix by rinsing or perfusion, thereby leaving behind a network of vascular channels

which may serve as vasculature structure for tissue culture.

(004 8] Advantageously, using the method disclosed herein, cells may be mixed in the
hydrogel prior to casting or itroduced via flow into the microchannels after they are fabricated.
The nucrochannel architecture {as defined by the 3D structure of the sacrificial scaftold or
template) 1s dictated not by self-assembly of the cells, but by the researcher or by the fabrication
process. These microfluidic matrix {e.g., hydrogel) approaches may provide immediate
convective transport of soluble compounds through the microfluidic channel network, and may

thus support all embedded cells instantly.

[6049] Remarkably, the method disclosed herein provide a convenient and effective
alternative to the existing “bottom-up” approaches, which use the natural ability of endothelial
cells to form lumen networks via angiogenic sprouting and/or vasculogenesis but are generally
slow and difficult for the engineering of thick tissues. In contrast, by constructing a thick
scaffold, the method disclosed herein may provide a deeper perfusable volume to deliver

necessary soliuble compounds {nutrients and oxygen) to cells embedded deep within the
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engineered tissue, than avoiding formation of a necrotic core. Thus, the method disclosed
herein may offer superior results over the conventional approaches in thick engineered tissue by
reducing diffusion limitations in the thickness direction, and may have improved clinical otility

by incorporating significant heterogeneity or complexity in the thickness direction.

[6050] While additive manufacturing approaches have been used to produce sacrificial
templates that form such channel networks, these approaches currently require complex,
expensive hardware (hindering widespread use), and rely upon fugitive gel inks with limited
mechanical properties {hindering the production of fine or complex geometries). In
comparison, the method disclosed herein uses FDM printing 1n a robust process that produces
solid structures with complex geometries (e.g., using polymer filaments fed through a heated
extruder). Remarkably, the method disclosed herein may produce thermoresponsive sacrificial
structures (which dissolve only below a critical temperature threshold) with high resolution

using FDM printing technology.

3. Polymer composition

[B051] In another aspect, provided is a biocompatible polymer composition comprising a
thermoresponsive polymer and a plasticizer, wherein the composition is capable of being

printed by fused deposition modelling.

{80521 The thermoresponsive polymer may comprises a monomer selected from the group
consisting of N-isopropylacrylamide, N N-diethylacrylamide, 2-(dimethylamino)ethyl
methacrylate, glucose, O-methyl glucose, lactic acid, glycolic acid, caprolactone, vinyl

caprolactam, vinyl acetate, ethylene glycol, and a combination thereof

[0053] In some embodiments, the thermoresponsive polymer comprises a monomer selected
from the group consisting of N-isopropylacrylamide, N N-diethylacrylamide, 2-
{dimethylaminojethyl methacrylate, and a combination thereof. For example, the
thermoresponsive polymer may be poly(N-isopropvlacrylamide), poly(N,N-diethvlacrylamide),
polv[2-(dimethylaminojethyl methacrylate], or a copolymer of N-isopropylacrylamide with one
or more monomer selected from the group consisting of acrylamide, N-tert-butylacrylamide,

acrylic acid, and allylamine.
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[6054] In some embodiments, the thermoresponstve polymer comprises a monomer selected
from the group consisting of vinyl caprolactam, vinyi acetate, ethylene glvcol and a
combination thereof. In some embodiments, the thermoresponsive polymer is a poly{IN-
vinylcaprolacatam). In some embodiments, the thermoresponsive polymer is a copolymer
comprising vinyl caprolactam, vinyl acetate, ethylene glyeol, or a combination thereof. In some
embodiments, the thermoresponsive polymer is a copolymer comprising vinyl caprolactam and
vinyl acetate, or a copolymer comprising vinyl caprolactam and ethviene glycol. In some
embodiments, the thermoresponsive polymer 1s a copolymer comprising viny! caprolactam,
viny! acetate, and ethylene glycol. In some embodiments, the thermoresponsive polymer is a
graft copolymer comprising vinyl caprolactam, viny! acetate, ethylene glycol, or a combination
thereof. 1n some embodiments, the thermoresponsive polymer 1s a graft copolymer comprising
vinyl caprolactam and vinyl acetate, or a graft copolymer comprising vinyl caprolactam and
ethylene glvcol. In particular embodiments, the thermoresponsive polymer s a graft copolymer
comprising vinyl caprolactam, vinyl acetate, and ethylene glycol. For example, the
thermoresponsive polymer may be a polyvinyl caprolactam-polyvinyl acetate-polyethylene

glycol graft copolymer, such as the commercial product Soluplus®.

[B055] In some embodiments, the thermoresponsive polymer comprises a monomer selected
from the group consisting of glucose, O-methyl ghucose, lactic acid, glveolic acid, caprolacione,
and a combination thereof. For example, the thermoresponsive polymer may be cellulose,
methyleellulose, polv{N-vinylcaprolacatam), polylactic acid, polyglycolic acid, poly{lactic-co-

glycolic acid), or polycaprolactone.

[6056] In some embodiments, the thermoresponstve polymer comprises poly{N-
isopropylacrylamide), poly(N N-diethylacrylamide), polv{2-{dimethylammno)ethyl
methacrylate], cellulose, methylicellulose, polyv{N-vinylcaprolacatam), polylactic acid,
polvelycohe acid, poly{lactic-co-glycolic acid), polvcaprolactone, a copolymer of N-
isopropylacrylamide with one or more monomer selected from the group consisting of
acrylamide, N-tert-butylacrylamide, acrylic acid, and allylamine, a copolymer comprising at
least one monomer selected from group consisting of vinyl caprolactam, vinyl acetate, and

ethylene glyvcol, or a combination thereof.
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[0887] In some embodiments, the thermoresponsive polymer comprises a copolymer
comprising at least one monomer selected from the group consisting of vinyl caprolactam, vinyl

acetate, and ethvlene glycol.

[B058] In some embodiments, the thermoresponsive polymer comprises a polyvinyl

caprolactam-polyvinyl acetate-polvethylene glycol graft copolymer.

[B059] In some embodiments, either hydrophobic or hvdrophilic plasticizers with varying
molecular weight may be used 1o the method disclosed herein to mflaence the plasticizer-
polymer and plasticizer-solvent interactions, as well as the temperature-responsive macroscopic
disintegration and eventual dissolution of printed structures n solution. The plasticizers may
affect the mechanical properties and swelling of the printed scaffold, and may influence feature
tfidelity throughout the sacrificial template-based fabrication process. In some embodiments,

glycerol,

2 o

the plasticizer comprises polyethylene glycol, acetyltributyl citrate, propylene glycol
polyoxyl castor oil, a poloxamer, or a combination thereof In some embodiments, the
plasticizer comprises one or more polyethylene glycols, such as PEG300, PEG1000, PEGS000,
or PEGI00000. In some embodiments, the plasticizer comprises polyoxyl castor otl, such as
Kolliphor® RH 40 (BASF, CAS No. 61788-85-0). In some embodiments, the plasticizer
comprises a poloxamer, such as Kolliphor® P188 (BASF, CAS No. 9003-11-6). In some

embodiments, the plasticizer comprises glycerol.

[6060] In some embodiments, the thermoresponsive polymer and the plasticizer may be
present at ratio of 1:99 to 991 by weight. This includes, for example a thermoresponsive
polymer to plasticizer ratio of about 10:90; about 30:70, about 50:50, about 70:30, about 90:10,
about 95:5, or about 99:1. The thermoresponsive polymer to plasticizer ratio may be at least
10290, at least 3G:70, at least 50:50, at least 70:30, at least 90:10, or at least 95:5. The
thermoresponsive polymer to plasticizer ratio may be less than 99:1, less than 95:5, less than
90:10, less than 70:30, less than 50:50, or less than 30:70. In some embodiments, the
thermoresponsive polymer 1s Soluplus®, and the thermoresponsive polymer to plasticizer ratio
ts about 90:10, about 95:5, or about 99:1. In particular embodiments, the thermoresponsive
polymer 1s Soluplus®, the plasticizer includes one or more polyethylene glycols, and the

thermoresponsive polymer to plasticizer ratio 13 about 90:10. For example, the polymer

16



WO 2020/041376 PCT/US2019/047352

composition may nclude Soluplus® at about 90% by weight, PEG300 (Mw 300} at about 7%

by weight, and PEG100000 (Mw 100,000} at about 3% by weight.

6061 ] In some embodiments, the biocompatible polymer composition 1s in a form of
filament, e.g., a filament suitable for printing using an FDM printer. The filament may havea
diameter of about 50 um to about 2000 pm, such as about 100 wm to about 2000 um, about 500
wm to about 2000 pm, or about 500 pm to about 1500 um. In some embodiments, the filament
has a diameter of 200 um or lower, such as about 50 pm, about 100 pm, or about 150 um. In
some embodiments, the filament has a diameter greater than 200 um, such as about 500 um,
about 1000 um, or about 1500 um. In some embodiments, the filament has a diameter of about

500 pm to about 1500 um.

[6062] In some embodiments, the polymer composttions {(e.g. filaments) as described herein
may be printed into sacrificial templates with high resolution to make vasculature i an

engineered tissue construct using a simple 3D FDM printer (<$1k} known in the art.

[B063] In particular embodiments, biocompatible polymer filament materials may be used
in any FDM-style 3D printer (Makerbot, RepRap, Stratasys, eic.) and may be printed into a
sacrificial template in cell-laden hydrogels. The filament described herein may be printed with
high resolution, and may dissolve in cold aqueous solutions but not warm aqueous solutions,
enabling a temperature-triggered process to form channels in hydrogels. Because the
components of the filament are biocompatible, the material does not cause any harm to cells

within the engineered tissue construct.

[0064] In some embodiments, the mechanical properties of the filament material as
disclosed herein may be offer superior results to the known materials for printing vascular
channels (e g. Pluronic F127, which 15 in a gel form at room temperature but dissolves at 4°C).
As a result, the polvmer compositions {e.g., filament) disclosed herein may provide better

structures with finer resolution and more complexity.

[6065] In another aspect, provided is a three-dimensional vascular structure comprising a
biocompatible polymer composition comprising a thermoresponsive polymer. The

biocompatible polymer compositions and the thermoresponsive polymers may include those
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suitable for being printed by fused deposition modelling as described herein. In some
embodiments, the three-dimensional vascular structure comprises vascular branches having a
diameter of about 30 um to about 5000 pum, including but not limited to about 100 um, about
200 pm, about 300 pm, about 500 um, about 1000 um, about 1500 um, about 2000 wm, about
2500 wm, about 3000 um, or about 4000 pm. The diameter may be greater than 100 um,
greater than 200 pum, greater than 300 um, greater than 500 um, greater than 1000 um, greater
than 1500 wm, greater than 2000 um, greater than 2500 um, or greater than 3000 pm. The
diameter may be less than 4000 pm, less than 3000 um, less than 2500 um, less than 2000 um,
less than 1500 um, less than 1000 wm, less than 500 um, less than 200 um, or less than 100 um.
In some embodiments, the three-dimensional vascular structure have a disintegrating
temperature {e.g., about 4 °C to about 37 °C), and may form a 3-dimensional network of

vascular channels when being exposed to a reduced temperature.

4, Examples

(8066} Materials and Methods

[8067] Soluphis®, a polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft
copolymer is a product of BASF. Other chemicals were obtained from Sigma Aldrich or Fisher
Scientific. Fused deposition modelling (FDM) printing was performed on a FlashForge Creator

Pro printer.
Example 1 Preparation of SoluBlend Filament and Sacrificial Scatfold

[6068] A thermoresponsive, non-toxic 3D printable filament was produced, which was
compatible with a gear-fed, heated extrusion nozzle for fused deposition modeling (tested on the
FlashForge Creator Pro). The filament was made 1n 40 g batches with a mass ratio of 94%
Soluplus® to 6% plasticizer, chosen from PEG 300, acety! tributyl citrate (ATBC), or glycerol.
In a chemical fume hood, dry Soluplus® was slowly added to 80 mi of dichloromethane (DCM)
and mixed with a magnetic stir bar. More DCM were added if the solution became very viscous
from evaporation. Once the Soluplus® 1s completely dissolved, the plasticizer was then added
mto the solution and stirred for 10 minutes. When glycerol was used as plasticizer, methanol
rather than DCM was use as solvent. The mixture was then poured into four, custom

polydimethylsiloxane (PDMS) dishes, measuring about 75 mm 1n diameter. The dishes were
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placed m the fume hood to evaporate overnight. The muxtures sohidified into solid disks at this
pownt and were removed from the PDMS dishes. To evaporate the remaining solvent, the disks
were placed in a vacuum oven at 60 °C and full vacuum for a minimum of 4 hours. The dried
disks are broken into large pieces by hand and then quickly pulverized using an [IKA® All

Basic blender, resulting in polymer pieces ranging in size from a small gravel to a fine powder.

[B069] The polymer was fed into a Filabot EX2 filament extruder. The Filabot was runata
temperature of 130°C with the feed rate continuously adjusted to produce a filament with
diameter ranging from 1.60-1.90 mm. The polymer material was added i small baiches ata
time 1n order to prevent gumming up the machine. Half of the material was fed into the Filabot
and extruded in order to clear out any old material {(which was not used for printing}. The
second half of the material was extruded and collected on a spool. The filament was then
measured and any portion with diameter outside the 1.60-1.90 mm range was cut and removed.

The filament which passed inspection was stored in a desiccator until ready to be printed.

(6070 The filament was briefly rehydrated to prevent cracking and breaking before being
ted mto a 3D printer. This was done by putting the filament in an open petri dish and placing
this into a humid cell culture incubator, such as the Heracell 1501, for 10 minutes. The filament
was then removed and fed into a benchtop FDM 3D printer and printed at a head temperature of
160-180 °C. Typically, the filament was printed into a predetermined shape with a 3D vascular

structure.

[6071] Representative examples of extruded filament {(with a 1.75 mm diameter) 1s shown
in FIG 1A, A polymer blend of 90% Soluplus®, 7% PEG Mw 300, 3% PEG Mw 100,000 (all
weight percentage) was used as the plasticized Soluplus® sample. Electron microscopy were
used to examine both the filament and solid printed structures to determune whether any
significant phase separation is occurring. Differential scanning calorimetry was used to
characterize the T of each formulation, indicating the ability of the plasticizer to interfere with
polymer-polymer mteractions (FIG. 1B). Mechanical properties of the plasticized filament
were characterized using an Instron 53944 lpad frame. In various experiments, the formulations
were printed using a FlashForge Creator Pro printer with branching structure (representative

results shown i FIG. 1C, 0.40um extrusion nozzle).
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[6072] To characterize the termperature-dependent gel-to-sol transition behavior, an AR-G2
rheometer {with Peltier stage and solvent trap} was used to measure storage and loss moduls of
films of the thermoresponsive formulations. The test started at elevated temperatures (~50 °C)
and hydrating the solid film by adding water, phosphate butfered saline (PBS), or cell culture
media in situ, then (upon reaching stable behavior indicating swelling has stopped) slowly
cooling to cause the hydrated gel to disassemble. Representative results for Soluplus® are
shown in in FIG 2. The gel state modulus, disintegration (gel-to-sol} temperature, and rate
were then related to the polymer film composition (thermoresponsive polymer and plasticizer
mixture} and additional soluble compounds in the local environment {(i.e. presence of salts,
soluble factors, etc.). At some mass fraction of plasticizer, the thermoresponsive gel-to-sol

transition was no longer evident.
Example 2 Tissue Culture in Hydrogel Matrix

(0073} Plasticized Soluplus® was printed as described above. Printed structures were
embedded within 10% (w/v) porcine gelatin containing 1% microbial transglutaminase. After
casting the gelatin, the composite structure was placed in a 37 °C incubator to accelerate
enzymatic crosslinking. After the gel had set, the composite structure was removed from the
incubator and placed in a saline bath on a rocker. As the composite structure cooled to room
temperature {1.e. approximately 20 °C to 25 °C), the Soluphus® template dissolved {(gel-to-sol
transition, as indicated in FIG. 2), leaving behind channel structures. FIGS. 3A-3G show the
representative branching channels formed by the printed teraplate structures in gelatin

crosshinked with microbial transglutaminase.

[6074] Green fluorescent protein-expressing human umbilical vein endothelial cells (GFP-
HUVECs) were miroduced into the channels within the gelatin hydrogel and allowed to adhere
for at least 1 hour. Subsequently, the channel was perfused with cell culture media, facilitating
cell viability and proliferation. These polymer materials did not demonstrate significant
cvtotoxicity in these experiments, and when removed from a gelatin gel formed a surface

appropriate for cell adhesion and growth (representative results shown in FIG. 4).

[6075] In ancther experiment, the printed sacrificial template was welded to a microfibrous

mesh of Soluplus®, and the gelatin solution cast over this hybnid sacrificial template. The
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resulting channel system consisted of both larger channels defined by the FBM-printed
ternplate, and smaller channels defined by the microfibrous mesh (representative results shown
in FIG. 5). This approach produced a network of channels with diameters ranging from below

50 pm to millimeter scale.

[6076] It 1s understood that the foregoing detailed description and accompanying examples
are merely illustrative and are not to be taken as limitations upon the scope of the mvention,

which 1s defined solely by the following claims.

[B077] Various changes and modifications to the disclosed embodiments will be apparent to
those skilled in the art. Such changes and modifications, including without hmitation those
relating to the chemical structures, substituents, derivatives, intermediates, syntheses,
compositions, formulations, or methods of use of the invention, may be made without departing

from the spirit and scope thereof.
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CLAIMS
What 1s claimed 1s:

I A method for preparing a solid scaffold, the method comprising:
printing a biocompatible polymer composition comprising a thermorespounsive polymer

using a fused deposition modelling printer to form the solid scaffold.

2. The method of claim 1, wherein the biocompatible polymer composition has a
disintegration temperature of about 4 °C to about 37 °C, wherein the polymer composition 1s in a
sohid or gel state above the disintegration temperature, and wherein the polymer composition is

in a hiquid state below the disintegration temperature.

3. The method of any one of claims 1-2, wherein the thermoresponsive polymer comprises a
monomer selected from the group consisting of N-isopropylacrylamide, N N-diethylacrylamide,
2-{dimethylanunojethyl methacrylate, glucose, O-methy! ghucose, lactic acid, glycolic acid,

caprolactone, vinyl caprolactam, vinyl acetate, ethylene glycol, and a combination thereof.

4, The method of any one of claims 1-3, wherein the thermoresponsive polymer comprises
poly(N-1sopropyvlacrylamide), poly(N,N-diethviacrylamide), poly[2-{(dimethylamino)ethyl
methacrylate], cellulose, methylcellulose, poly(N-vinylcaprolacatam), polylactic acid,
polyglyveolic acid, poly(lactic-co-glveolic acid), polycaprolactone, a copolymer of N-
isopropylacrylamide with one or more monomer selected from the group consisting of
acrylamide, N-tert-butylacryvlamide, acrylic acid, and allylamine, a copolymer comprising at
least one monomer selected from group consisting of vinyl caprolactam, vinyl acetate, and

ethylene glycol, or a combination thereof.
5. The method of claim 4, wherein the thermoresponsive polymer comprises a copolymer

comprising at least one monomer selected from the group consisting of vinyl caprolactam, vinyl

acetate, and ethylene glycol.
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6. The method of claim 35, wherein the thermoresponsive polymer comprises a polyvinyl
caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer.
7. The method of any one of claims 1-6, wherein the polymer composition further

comprises a plasticizer.

8. The method of claim 7, wherein the plasticizer comprises polyethylene glveol,
acetyltributyl citrate, propylene glycol, glycerol, polyoxyl castor oil, a poloxamer, or a

combination thereof.

9 The method of any one of claims 7-8, wherein the ratio of the thermoresponsive polymer

to the plasticizer 15 about 50:50 to about 99:1 by weight.

i0. The method of any one of claims 1-9, wherein the biocompatible polymer composition is

a filament having a diameter of about 50 pm to about 2000 um.

11 The method of claim 10, wherein the filament has a melt viscosity of about 50 Pa's to

about 200,000 Pas.

12, The method of any one of claims 1-11, wherein the printing 1s performed at a temperature

of about 50 °C to about 250 °C.

13. The method of any one of claims 1-12, wherein the solid scaffold comprises vascular
branches having a diameter of about 50 pm to about 5 mm, wherein the vascular branches define
a three-dimensional vascular structure.

14. A solid scaffold produced by the method of any one of claims 1-13.

18. A method of manufacturing a tissue comprising:

contacting the solid scaffold of claim 14 with a plurality of cells within a matrix; and

culturing the cells.
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16. The method of claim 15, wherein the contacting comprises embedding the sohid scaffold

in the matrix, wherein in the matrix 1s a hydrogel laden with the cells.

17. The method of claim 15, further comprising lowering the temperature below the
disintegration temperature of the biocompatible polymer composition, thereby causing the

polymer composition to transform to a liquid state.

18. The method of claim 17, further comprising removing the liquid state polymer
composition, thereby forming a three-dimensional network of vascular channels defined by the

vascular structure of the solid scaftold.

19. A biocompatible polymer composition comprising a thermoresponsive polymer and a

plasticizer, wherein the composition 15 capable of being printed by fused deposition modelling,

20. The composition of claim 19, wherein the composition 1s a filament having a diameter of

about 50 um to about 2000 um.

21, The composition of claim 19, wheren the thermoresponsive polymer comprises a
monomer selected from the group consisting of N-isopropylacrylamide, N, N-digthylacrylamide,
2-{dimethylaminojethyl methacrylate, glucose, G-methyl glucose, lactic acid, glycolic acid,

caprolactone, vinyl caprolactam, vinyl acetate, ethylene glycol, and a combination thereof.

22. The composition of claim 21, wherein the thermoresponsive polvmer comprises poly{N-
isopropylacrylamide), poly(N,N-diethylacrviamide), poly|2-(dimethylamino)ethyl methacrylate],
cellulose, methyicelulose, polv(N-vinylcaprolacatam}, polylactic acid, polyglycolic acid,
poly(lactic-co-glycolic acid), polycaprolactone, a copolymer of N-isopropylacrylamide with one
or more monomer selected from the group consisting of acrylamide, N-tert-butylacrylamuide,
acryhic acid, and allylamine, a copolymer comprising at least one monomer selected from group

consisting of vinyl caprolactam, vinyl acetate, and ethylene glycol, or a combination thereof.
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23. The composition of claim 22, wherein the thermoresponsive polymer comprises a
copolymer comprising at least one monomer selected from the group consisting of vinyl

caprolactam, vinyl acetate, and ethylene glveol

24. The composition of claim 23, wherein the thermoresponsive polymer comprises a

polyvinyl caprolactam-polyvinyl acetate-polyethyvlene glycol graft copolymer.

25, The composition of claim 19, wherein the plasticizer comprises polyethylene glycol,
acetyliributyl citrate, propylene glycol, glycerol, polyoxyl castor otl, a poloxamer, or a

combination thereof,

26. The composition of claim 25, wherein the ratio of the thermoresponsive polymer to the

plasticizer is about 30:50 to about 99:1 by weight.

27. A three-dimensional vascular structure comprising a biocompatible polymer composition

comprising a thermoresponsive polymer.

23, The three-dimensional vascular structure of claim 28, wherein the thermoresponsive
s I

polymer is selected from one of the thermoresponsive polymers of claims 21-24 or claim 26.
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