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Polymer nanomedicines —why?

« Many small molecule drugs suffer poor solubility and rapid
clearance after administration in the body

» Researchers have explored nanoparticles as drug carriers
— Enhanced, site-specific drug delivery while minimising off-target
toxicity
 Nanomedicines are a highly diverse group of drug products

— Polymer-drug conjugates, polymer-protein conjugates, protein-
based nanoparticles, polymeric micelles, inorganic nanoparticles,
lipid-based etc

» Polymers are attractive here — they are highly tuneable, can
target limitless chemistries, topologies etc

« Aim: improve the stability & solubility of encapsulated
cargos, promote transport across membranes and prolong
circulation times to increase safety and efficacy

Loughborough #InspiringWinners since 1909
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Why Is new research needed?

« We are by no means there yet! TS

LS
market entry 2 end user acceptance

 Thousands of different nanomedicine

price premium vs comparator

formulations have been designed and E civotal Bhase 3 triils

evaluated Over the years ‘m meaningful endpoints
 Approximately fifty of these formulations e

are currently approved for clinical use — by TRL

roughly equateS tO IeSS than 10% variability prediinical predeEa immune system interactions

biomarkers unanticipated toxicities
success rate!
. . . ‘/ preclinical preclinical scaling to robust GMP batches
« Major issue of a translational gap efficacy toxicology D il kg
. . . 2 : control over critical aesign jeaiures

between animal and human studies e Sl .
* Mainly, we don’t fully understand the nanoformulation design

behaviour and functionality of 3 @

nanomedicines in the body
Drug Deliv Transl Res. 2020; 10(3): 721-725
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Challenges in polymer nanomedicine: understanding key
nanoparticle properties

In vivo biological systems are complicated, and many factors can impact nanoparticle behaviours
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Study limitations: narrow scope of nanoparticle systems, lack of biodegradability
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Design and synthesis of varying polymer architectures
with the same underlying chemistries

Redox-responsive

[UItimate clinical success relies\ :g:o
on understanding the physico- HN
chemical properties that
govern biological behaviours HO
such as organ distribution, -
clearance and tumour o HPMA \ W
penetration { '
K j o / \
Engineering and Physical Sciences
Research Council
(053 S Biomaterials [ ™ Hﬁpﬁ;ﬂ:flsed
® Discover HB-HPMA-L
- ,;E y -
5 nM
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earce*, et al. Bioconj. Chem. 2019, 30 (9), 2300-2311.
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Polymers form nanoparticles with varying sizes and
architectures from the same fundamental chemistries

Mn SS per polymer| | D, (DLS) Size (TEM)| Zeta Potential
(SEC-MALLS) (mol%) (mV)
HBP-HPMA-S 15 kDa 0 5 nm 5+1nm -21
HBP-HPMA-L 22 kDa 0 12 nm 11 +3 nm -12
HBP-SS-LH 50 kDa 10 8 nm - -19
HBP-SS-HH 58 kDa 10 10 nm 10+ 1 nm -24
Star-SS-S 86 kDa 7 12 nm - -16
Star-SS-L 122 kDa 5 15 nm 13+ 2 nm -15 Pre-clinical mot
Linear-SS 257 kDa 1 30 nm 22 +2 nm -5.5 (o) o : o _
Micelle-SS 3,000 kDa 5 60 nm 36+3nm -21 .._’ ”'; : le"%"
(Dgcg)mlc ngrjt scattering :gg::gmf Transmission Electron Microscopy (TEM) ? T ( "
HBP-SS-HH '

Polymers, 2019
Star-SS-L N

Linear-SS
Micelle-SS

NN

Hyperbranched @ Star Linear Miclle "

1 10 100 1000 - S
10 nm 15 nm 30 nm 60 nm

Diameter (nm)

. Pearce*, et al., Adv. Healthc. Mater. 2020, 9 (22), 2000892. #InspiringWinners since 1909
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Polymer size and architecture control stability to protein
attaChment and macrophage aSSOCIa'[IOH Uptake by macrophages (RAW264.7 cells)

{(=Nanomedlcine Difficuit t_umor Stability to protein binding (BSA) Time-dependant uptake
penetration Tumor
\ —— HB-HPMA-S (5.5 nm, -20.5 mV)
. HBP-SS-HH
Exrayssation % - ‘ ~5~ HB-HPMA-L (12nm, -11.5 mV)
R 1 5 HB-SS-HH (10 nm, -24.1 m V)
{ oo = —©— sStar-SS-L (15 nm, -15.3 mV)
- = BSA ;
g = DS S o] o —A— Linear-SS (30 nm, -5.47 mV) A 7
°E) — HB-SS-HH + BSA 1h 220 Micelle-SS (60 nm, -20.8 m V)
ERo HB-SS-HH + BSA 24h
> z
. 5 0 10 ]
1 10 100 1000 r
o
Size (d.nm) z
; i Linear-S S
Endothelial cell Blood vessel Transcytosis r?)en;e exiracellular .
) atrix
fenestrations 0
WIREs Nanomed Nanobiotechnol. 2021 .
20 ,". Time (minutes)
’: 1y ==*" BSA
& i — Linear-Ss
. GE) ,' ‘. — Linear-SS + BSA 1h ) °% & _
Less protein/macrophage N B oo mon 2an ¢ S
association for small branched g Py Pt
. . . f A “"v-,. . gas
particles in comparison to self- P
assembled copolymers : P ok
1 10 100 1000 e

Size (d.nm)
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How does nanoparticle architecture influence end fate
In healthy mice following systemic injection?

‘e N\ In vivo imaging Ex vivo FhYgigguantitation
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From systemic circulation, polymer properties
and biological interactions lead to clearance
from the system or accumulation within organs

Sad L Btttz nistry but SESEEIE S -

ih I"‘ nzl;-"t‘\h;'l-nr\-l-l wo /l_lDD"‘CC ﬂll_l Bh I
Al Ul Il Uluil © \l | = | I OL

S RTChitectn gfése%)é%dence on clearance route (renal vs. MPS) in Star-SS-S) accumulate in
agreement with in vitro data different organs
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Bioreducible polymer-dox conjugate NPs are more effective

than free drug to triple negative breast cancer

30 1

S NC H

i N OH N‘C 5
S " Drug conjugation o . O y 20 1
o o 0 3 .

“\ QQQ

cells in vitro

~— HB-SS-HH-DOX

~ Star-SS-L-DO X

DOX: ~12 - 15 mol%
Size: ~12-18 nm

10 100 1000

Size (d.nm)

Free DOX [HB-SS-HH-DOX |[Star-SS-L-DOX

Merge

ICeso (LM) |0.226 0.0516 0.0592

Brlghtfleld Doxorubicin

Loughborough

University A. K. Pearce*, et al., Adv. Healthc. Mater. 2020, 9 (22), 2000892.

100 9

o 50 -

@ free DO X
A

A~ HB-SS-HH-DOX

-V~ star-SS-L-DO X

In vitro evaluation in
MDA-MB-231 cells

Reduction of IC5,
values through
o o° o i drug conjugation

#inspiringWinners since 1909
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Bioreducible polymer-dox conjugate NPs are more effective
than free drug to triple negative breast cancer cells in vitro

O OH Control Free Dox 10 pM HBP-SS-HH-DOX Star-SS-L-DOX

T O g

3D spheroids

Cy5
W 59 Q'Q
HN OHN ; 72h
+—h C ;
- i T o |
© 200_] | B .g-SS-HH-DOX Free DOX |HB-SS-HH-DOX | Star-SS-L-DOX
c l Bl star-ss-L-DOX ICeo(uM) |3.69 0.356 0.524 / \
s [ 100} free DOX Destruction of spheroid
o . ; - HB-SS-HH-DOX
2, 1 3 + SwrSsL-00X structure for polymer-drug
I, xll j‘> : B | NPs — improved drug
& - - .
e = \penetratlon through tISSUGS?/
\ N N N N O 0 T —r v vy
. (\\ﬂ o S ®° N Q.QQ\ Q.Q\ Q.\ N D

Concentration (uM) Concentration (uM)
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Dosing schedule plays an important role in polymer-drug conjugate efficacy in

orthoptic in vivo mouse models

HB-SS-HH-DOX

Star-SS-L-DOX

Back

O OH

(o}
SO OSRME:
0 O OH cEJOmHZ §
vs. © 3 “’OH

S NC H

Loughborough
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In vivo efficacy in MDA-MB-231-
fLuc orthotopic model

Vehicle control
free DO X
B . B5-SS-HH-DOX

B star-ss-L-DOX

Longer-interval

6004 © free DOX (2mg kg') dosing

¥ HB-S5-HH-DOX (2mg kg'")

—~ 500-
£ 400-
£ 3001
3

< 200-
100-

-4~ Star-S5-L-DOX (2mg kg')
#- Vehicle control

**Star-S5-L-DOX vs. free DOX
* HB-85-HH-DOX vs._ free DOX

“"-\:-..v-!---..‘:v----

/Over long dosing periods,\

polymer-drug conjugates
have greater efficacy —
prolonged circulation
lifetimes? Complicated

guestion to answer from

10 15 20 25 30
Time (days)

35

A. K. Pearce*, et al., Adv. Healthc. Mater. 2020, 9 (22), 2000892.

\high—level in vivo studies!/
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Moving these materials towards clinical relevance:
biodegradability matters!

The inspiration: Drug

(o} (o}
R1= CH/3( R1,{°\/\OWO1\\ —_— RV{O\/\O}/PJ\‘/ oi\\
(o}

AstraZeneca

v

o Ly O e
R T
n H\O/\/ \/\O*H 0, o/\/o \/\o 0

n=1, 44, 89, 122 3‘{ %

The idea: \
R'= RZJH%‘Q

Loughborough A.K. Pearce, et al. Macromol. Chem. Phys. 2019, 1900270
Unlver5|ty C.E. Vasey#, A K. Pearce?, et al. Biomater. Sci. 2019, 7 (9).
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Block spacing of cationic monomers enhances drug loading

and antimicrobial efficacy

HEMA-p(LA)-co-p(tBSC)

O 0
~_ _0Olf vl \lH
* O, NH ¥
0O

S | CN
S S g {
CTA O
‘ (o}
, Q. o I
° — S ¢
v O EGDMA
o~ "0  + (o)
| o I,
' T’"O""' SS oy
(o)
PEGMA DSDMA

U RAFT polymerization u

HEMA-p(LA)-b-p( res<:)

S | CN
~g- g OH
CTA (
X or:r- o. -~ M
O EGDMA
O~ "0 + v
| O _~g.S
o 5
PEGMA _x< DSDMA

J;L RAFT polymerization u

HB1: PEGMA-p[HEMA-
p(LA)-co-p(BSC)]

\\ p(LA)-co-p(1BSC))

HB2: PEGMA-SS-p{HEMA-

HB3: p[HEMA-
p(LA)-co-p(tBSC))

HB4: SS-p[HEMA-
(LA}cop(IBSC)]/

HBS5: PEGMA-p[HEMA-
P(LA)-b-p(tBSC))

P(LA)-b-p(tBSC))

HB6: PEGMA-SS-p[HEMA-

HBT7: p[HEMA-
P(LA)-b-p(BSC)]

HB8: SS-p[HEMA-
p(LA}b-p(BSC)] /

R
-

Demonstrate a simple
approach to drug-
functionalised particles by
exploiting electrostatic
interactions with NH;*
groups

How does structure, chemistry and monomer arrangement affect polymer properties?

Copolymer vs homopolymer? Block vs random? Redox-responsive vs non-responsive?

Loughborough

University

M. Rauschenbach, S. B. Lawrenson, V. Taresco, A. K. Pearce*, R. K.
O’Reilly*, Macromol. Rapid Commun. 2020, 2000190.

#inspiringWinners since 1909
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Block spacing of cationic monomers enhances drug Ioadlng
and antimicrobial efficacy

drug drug HB '
+ !

Block copolymers
outperformed their random
analogues regardless of
amphiphilicity (PEGMA)

HB I
Demonstrate a simple

Drug loading and antimicrobial activity

HB1: PEGMA-p[HEMA-
P(LA)-co-p(1BSC)]

HB3: p[HEMA-

P(LA)-co-p(fBSC))

approach to drug-
functionalised particles by
exploiting electrostatic

. . . N
Usnic acid complexation MIC (pg/mL) HEE FECMA-GO-pR - HOA SCPRIENA- T ] NH,
| Structure of 2 = p(LA)-co-p(1BSC)] p(LA)-co-p(BSC)] / groups
Sample macromonomer | Drug content Encapsulation ) SAQ2
(Wt%) efficiency (%EE)
Usnic acid* 250 125
HB1-UA Random 2 19 125 63
HB2-UA Random 4 33 125 63 Q
HB3-UA Random 33 27 31 16
HB4-UA Random 37 30 31 16
HB5-UA Block 4 29 63 31
HBS5: PEGMA-p[HEMA- HB7: p[HEMA-
HB6-UA Block 6 50 63 31 p(LA)-b-p(fBSC)) p(LA)-b-p(fBSC)]
HB7-UA — B - 5 7 | HB6: PEGMA-SS-p[HEMA-  HBS: SS-p[HEMA-
p(LA)-b-p(tBSC)) p(LA)-b-p(fBSC)) /
HB8-UA Block 51 41 8 4

Loughborough

M. Rauschenbach, S. B. Lawrenson, V. Taresco, A. K. Pearce*, R. K.

: : #inspiringWinners since 1909
O’Reilly*, Macromol. Rapid Commun. 2020, 2000190.
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Getting back to fundamentals — the protein corona

* We have a lot of synthetic tools to create nanoparticles with virtually any chemistry

» Exploit this to gain a more complete understanding of protein corona formation and downstream
Impacts on circulation, clearance, cell uptake, endosomal escape.

(@ R
X = Nanomedicine Difficutt tumor 4‘
penelration Tumor ’
«
Extravasation g ¢ a '
W o :
«.® P\ ./
@0 (© 3
» ' oy - v
SO 4 WY &
J S g
Endothelial cell Blood vessel Transcytosis ﬁt;?:f extracellular L "ZL—
fenestrations
From systemic circulation, polymer properties - Polymer properties and biological interactions
direct biological interactions with serum . . . . , lead to clearance from the system or
proteins and macrophages. WIREs Nanomed Blomollecular coronas provide the biological identity of accumulation within organs or tumour tissue.
Nanohbiotechnolk 2021 nanosized materials, Nat. Nanotechnol. 2012 Polymers, 2019

Loughborough
University
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Challenges in studying the protein corona

G T RS R dtnad PES T ot
« Not only do we need to analyse the PC, P S r~ -
but we need to ensure methods are + | - u> @ > ol 'l
reproducible, reliable, and accessiblein a —
wide range of chemistry/pharmacy o

research labs

¢
Frequency

* Need to standardise everything from the PC Zota potenta St ()
experiments through to database searching
and analysis

Significant data variability, with only
1.8% of proteins consistently identified
across these centres!

Data from 17
centers

SDS-PAGE LC-MS/MS

Loughborough
University

Nat Commun 13, 6610 (2022) #inspiringWinners since 1909




Peptide LC-MS for studying the protein corona

M ad
«.#ﬁ- = 0
Digestion & E -f--—? 3.
sample prep )\L ,  S— :
— 4oL —
SN
e =—1

]

Loughborough #InspiringWinners since 1909
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An automated solution

* Pseudo LC-MS/MS with Data Independent Acquisition (DIA)
« Data Dependent Acquisition (DDA)

— Isolate a specific precursor ion and fragment, fragments directly linked to peptide
precursor

— Requires at least two MS steps (normally two different mass analysers)

= e MS MS/MS (with no sequencing) Experimental peptide masses
« Data Independent Acquisition me T i hepeciveentins
. . Mex m e m b s s Mg Mg (Megy, Mgy Mey 3, o0)
— Window with many precursors ; Al B ey mer s My )
| | | | | | I M3 (Me3 1 Mez Mgy, o) Match
— Fragments from multiple precursors need
tO be demU|t|p|exed Insilico Predicted Inisilico Predicted Predicted peptide masses and
. Protein database digestion peptides fragmentation fragments respective fragment masses
- Can be done with one MS Step [MWTRGHLPEKTSWYKAVLDIF] MWTR K Mpy (Mpy 1, Mpy 2 Mpy 3, .0
i s MDAARQHLWNKTIASFTRPVE - [GHLPEK — EK - Mgy (Mg 3, Mpz 2, Mey 3, ..
— Alternate low/high collision energy MDESKKQSLLEKHKTSQDDLQ! TSWYK LRER Mg (Mp33) Mpa 0 M3, )
AVLDIF
HLPEK

Loughborough

University Unpublished work #InspiringWinners since 1909




An automated solution Restek C18 column

| e . Thermo-Exactive
Peptide fample U LC separation | vPrecursor ion detection (MS1) Orbitrap Mass

Total ion current chromatogram
and ESI ¢ 3

MS1 scan not

g 1 Spectrometer with
¢ ’\‘t< 1 - ) é -:-’ § | | op‘:ion.:'or | p
“ﬁl ,* ?.‘ ' - some methods ; an ESI source
N : : Time sslo ul',o i
' P Precursor |
- m/z range !

MASS SPECTROMETRY o~ § :

) Atternation low/high CE in edes t2 rum the automanon st e Required Software in onder t0 run the sotomation scret. the Project Layout
M51 scan required —= MS', AlF following folser software i recurred following folder structire i sequired
v weyOmy processed Soe e u"‘-(nhr'v.
I ] PeptideShaber-] 0.2 Lt
} SeanthGA22 17 ')-"’1‘:.
Precursor ion c Y s D2 Uepre SE-22 2500 L — E datibasatasts
isolation e ' | o 55 4 da_umpee_sutomaton ¢

{whole m/z range) BEADME 1t

(windows per cycle)

sesrch.par
emes meaen 18- 0 TEBSRT T Y R ETEE i

E ‘ . : :”‘: ::: ::;:'_':;’::;_’,‘.: - Urpre-se.params
. ~ -

u Fragmentation e ':“‘*;,-,..

: L

Running the Script ot b Resources

Fragment ion ® b S e
detection (MS2) l | [II f

— — d
L e S1a_smpire sctamstion. Py

A single MS2 scan per cycle v trew
Higher spectra complexity

Short cycle time

Loughborough
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Method development using human serum

R
-

-

Loughborough
University

Xcalburdatn'Katnna W C1

1002023 10 48 22

Xcatbur'data Katnna M C 1Mass

190672023 1548 56

3 aw  am ¥ j J Ak /‘\.,.J-F-‘]v::,;_

Unpublished work
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Numbers of unigue peptides in

. peptides — sensitivity issue?

~

each analysed sample

Some samples not yielding

J

No. of unique peptides

CA CB CC CD CE CF CG CH Cl cJ CK CL CM
Fraction

®m No exiraction mBoth = Acetonitrile extraction

Loughborough

University
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Additional extraction
steps improve peptide
recovery and aid in
mapping more of the
protein sequence 2>

higher accuracy for

database searching!
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