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FDA Approved
* Exenatide (Byetta®) — Approved in 2005 ; Half-Life: 2.4 Hrs
* Liraglutide (Victoza®) — Approved in 2010 ; Half-Life: 11 Hrs ;

* Semaglutide (Ozempic®) — Approved in 2017; Half-life: 7 days ;

* Tirzepatide (Zepbound®) — Approved in 2022; Half-life: 5 days ; Modifiers
X = a-amino butyric acid

* AiB - Inhibits dipeptidyl Peptidase — 4 (DPP-4) Z = a-methyl Leucine
semaglutide H X E VSSYLEGQ KIEIFE | A VRGRG- - - - - - - - K'= AEEA-AEEA-y-Glu-ODDA
Native HAE VSSYLEGAQ EFITA VKGBGRG - - - - - - - - None
Liraglutide H A E VSSYLEGQ KIEF | A VRGRG- - - - - - - - K'=y-Glu-C16 FA
Exenatide H G E LEKQMEEEAVRLEIE KNGGPSSGAPPP S|None
Tirzepatide Y XE YS | XIEDK] KIAIE V Q | AGGP S SGAP P P S| K=AEEA-AEEA-y-Glu-C20 DA
Retatrutide Y X Q YR Z@D QXAFIEYLLEGGPSSGAPPP S| K=AEEA-y-Glu-C20 DA

In Development AEEA = 2-[2-(2-aminoethoxy)ethoxy]acetic acid

* Retatrutide — in Ph 3 Trials (Expected 2026); Half-life: 8 days ; C20 diacid at Pos 17 Lys, AiB at pos 2,20; a-metLeu pos 13
* Orforglipron — Ph 3 Trials (Expected 2026); First orally available GLP-1 agonist.
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Scheme 1. LPPS Portion of the Synthesis”

* Modern GLP-1 agonists require SPSS.

AA—( ,
Resin FmocHN— AA22-29 —COZH
ol ;

e SPSSyields are typically sub-optimal

DEPROTECTION

la. PyOxim, iPr,NEt,
1b. HNEt,
lc. Nanofiltration

H,N—AA22-39'—CONH,

2

PEPTIDE
SYNTHESIS
CYCLE

* Challenges for purification and impurity analysis

CLEAVAGE

6
OO OO FmocHN—AA15-21 COLH 2a. PYOXIITI, IPI’ZNEI,
i 2b. HNEt,
Peptide 4

2c¢. Nanofiltration

Figure 2. General SPPS methodology for the synthesis of peptides via
(1) deprotection; (2) amino acid activation; and (3) coupling. Note:
an optional capping step is often included in a SPPS process but is not
included in the figure.

H,N—AA15-39 —CONH,
7

BocHN— AA1-14 —COzHl 3. HATU, iPr,NEt,

5

BocHN— AA1-39 —CONH,

8: Protected Tirzepatide

 ANDA Guidelines for Peptide Impurities
e NMT 0.5% of FLP that are characterized as “safe”
* 0.1-0.5% identified, characterized, and demonstrated safe

4. TFA, TIPS,
DTT, DCM

HoN—{ AA1-39—CONH,

1: Tirzepatide

Frederick, MO et al. Kilogram-Scale GMP Manufacture of Tirzepatide Using a Hybrid SPPS/LPPS Approach with Continuous Manufacturing, Org. Process Res. Dev. 2021, 25, pp1628-1636
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2.1 x 150 mm Halo Peptide E5-C18, 0.3mL/min, 2-47%AcN in 40min, 60°C, 300-1800m/z, 4kV, 0.33s

* In acidic conditions: Ao FA . AFFA , TFA . DFA

1260 125 125 125§

: | _ B
* N-terminus protonated i L AS

* Lysine/Arginine are protonated  “lias g Tias g M |TlLAas B M

e C-terminal protonated W J_M_J—_L { l
e Carboxylic acids are neutral o : L L L

T‘iSC: L L 15 1] win 15 1] in 15 30 mn
m'_" m'-ﬁ“‘ KLW m_nﬁ"m
* Basic compound Separations can be . R ] R
Challenging via Reverse Phase N \ . wll - e
e LC-UV —Strong lon pairing agents e.g. TFA R R R R R e w w e w A e B e s %R e e

. . . . < [ : Ml M
e LC-MS — Weaker lon Pairing Agents e.g. Formic Acid 2 Hacxl)kOH HSC/K‘/LOH Y\H%H on HzNWOH
; NH, NH, NH; NH> NH,
g Alanine (Ala, A) Valine (Val, V) Leucine (Leu, L) Phenylalanine (Phe, F) Glutamine (Gln, Q)
° Wa S to i rove e ti d e Se a r‘ati O n S Vi a R P MW: 71,0371 MW: 99,0684 MW: 113,0841 MW: 147,0684 . Tyg/;i;ﬁfﬂlﬁs w
y m p p p p pKa: 2.35/9.87/NA —pl: 6.11 pKa: 2.29/9.74/NA —pl: 6.02 pKa: 2.33/9.74/NA —pl: 6.04 pKa: 2.20/9.31/NA —pl: 5.76 pKa: 2,17/9, —pl 5,
Legend: pKa (C-ter / N-ter / Side chain) ; MW: monoisotopic molecular weight Express synthesis - Up to +100 aa - Conjugations - Cyclizations - Libraries

www.sh-peptide.com
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Silica Technology Improvements

* Smaller Silica Particles
e N 1/dp
* Increases Back Pressure (exponentially)

 Smaller column diameter
* |ncreases sensitivity
 Decreases Lifetime
* More difficult to work with
* Reduced loading capacity

Forous Layer

Solid Core Jpm 27 pm

» Superficially Porous Silica Particles
e Shorter diffusion distances
* Sharper peak shapes

* Reduced Back Pressures Superficially Porous Particle (SPP)

Diffusion Path

Fully Porous Particle (FPP)
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Power ot Fused-Core®.Technologyssss s

,,-..';'.

290 1 290 -
3 240 - FPP C18’ 1-7 lal.m 2 240 4 FPP C18’ 5 um FullvPoronsPartice[FPP)
£ 697 bar, 7500 plates E o0 |
o 10 ’ P < 150 160 bar, 2600 "
o 2 140 -
g 0 5 plates
o o ;
G 907 g ]
[1]
< LA = N

10 4 - - : - : - - - : -10 A T T T - - -

0.0 0.5 L0 45 2.0 2.5 3.0 3.5 4.0 4.5 0.0 0.5 1.0 1.5 2.0 2.5 .
] Time, min Time, min

High performance with <1/2 the back
pressure Superior efficiency with >2.8x plates!

HALO® C18, 2.7 um
Faster analysis 339 bar, 7400 plates Sharper peaks, faster analysis
o Superficially Porous Particle (SPP)
< 90 1 .:1:; ‘

40-:”.U__JUIUL . /\ . /\

Time, min

3.5 4.0 4.5
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Using a modified silica stationdry-phase.ge -

e "- - Faie .

Introducing the HALO® PCS Phases:  Positively Charged Surface

G GHs
SFBEDN / [O'%i'(CH2)17'CH3]X P /[O'§i'(CH2)17'CH3]x
x R
\ : \ | \[o Si-PCS Ligand]
) ) -Si- Igan
[O-Si-PCS Ligand], [0-Si-PCS Ligand], | gandl
[ [ R
R R
HALO 90 A PCS C18 HALO 90 A PCS Phenyl-Hexyl HALO 160 A PCS C18
90 A, 2.7 um for Small Molecule Analyses 160 A, 2.7 um for Peptide Separations
* Excellent peak shape and increased loading capacity * Significantly improved peak widths and symmetry for basic peptides
for basic compounds compared to traditional peptide C18 stationary phases
* Alternate L1 selectivity (PCS C18) * Designed for performance with formic acid avoiding LCMS signal
* Alternate L11 selectivity (PCS Phenyl-Hexyl) suppression from TFA
* Built upon Fused-Core® technology for fast, efficient * Alternate L1 selectivity with optimized pore size for peptide separations

and reliable separations

@ ﬂ[Wﬂﬂl:ﬂﬂ“]ﬂl'ﬂ[[ﬂlﬁl’ﬂ[:lml]ll]uu halocolumns.com | confidential | HALO® and Fused Core® are registered trademarks of Advanced Materials Technology. Made in the USA.



Semaglutide ES-C18 vs PCS Cﬁ

.“
-

Compounded Semaglutide Sample

 PCS C18 2.1x150mm, 2.7pm, 100ng, 60°C
A:H,O0+0.1% FA; B: ACN +0.1% FA

351

1.6E9
1.4E9-]
1.2E9-

? (+12 da shift)

8 0E8

Intensity

6.0E8
4.0E8-]

2 0E8
G_-UIS? 296 484 594 ?-i‘i 8-§? 1152 1341 1439 1686 1895 2055 2194 2576 2701 2863 3098 3307 3472 L 3?:{25_3159 42 86 4403 4633 4926 5096 5245 5432 5793 5978
il N RRL B L L I L i L ey i ) L L s il [ LR L L = T L L =T [ T [
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
Time {min)

16E9:_ ES C18 2.1X150mm’ 2'7I"|m’ 100ng’ 60°C
=1 AH,0 +0.1% FA; B: ACN +0.1% FA

1.4E9-]
1.2E9-]

1.0E9-]

Intensity

8.0E8
6.0E8-
4 0E8 43.76

2.0E8-]

0‘038 154 318 483 7.30 sz.. 9.57 1154 1509 17.12 1854 2047 2227 2400 2521 2798 3027 3143 33386 3773 3940 4128 4332 4495 4650 48.41 5089 52.81 5568 5812 59.66
T oA e T TR TR T T T B T i T R T O e T [ B e TR R T T | R [T B [ B (R R e B T T

2 - 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 43 50 52 54 56 58 &l
Time {min)




o 0 o o

H Ry 0 R4 R R4
N NH Q| H \_NH HN \N HN =< H

— N_-N_ NH
X-H \_/H he
H 8 H OH H {OH imidazopyrimidine ring
Tetrahedral DP-1

) ; . Removal of Water &
Formaldehyde Trasl:s:mn intermediate formation of ring
ate

* Semaglutide also has N-terminal Histidine
* Is Semaglutide also sensitive to formaldehyde?

Sheikh, AR et Al. J. Pharmaceutical Sciences 113(2024) pp3246-3254
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Semaglutide in Tris buffers:.

-
.

* Tris buffer manufactured from Nitromethane and Formaldehyde in a 1:3 Molar Ratio
* Tris buffer can also thermally degrade back into formaldehyde
* 1mg Research Grade Semaglutide in 1ml 10mM Tris-HCI at pH 8.0. Heated 24hr at 40°C
35.30
20es] PCS C18 2.1x150mm, 2.7pum, 200ng, 60°C
1 A:H,O0+0.1% FA; B: ACN +0.1% FA
1.5E9-]
3”7/ N-ter mod
é 1.0E5- FLP / Deconvoluted | Predicted | ppm
E mass mass mass
5053: error
g 762 L Semaglutide FLP 4111.1027 4111.1154 3.09
0 1090 222 342 ?311_ 2 .8'*‘8?, 1055 1366 1489 1750 1971 2207 2324 2569 2773 2964 3326 3496]| _ || 3784 3977 429
I 2I I cll 1 Eli [ !|3 I 1]0 I 1[2 I 1|4 1 1!6 [ 1|8 I 210 I 2I2 I 2|4 1 2|6 I 2|8 _liimjtzmirl‘l) 3I2 I 3I4 I 3|6 I 3|8 I 4|E] I 4I2 N-ter His 4123.1047 4123.1154 2.60
200000000 mOdiﬁcaﬂon
15@900000 FLP
9 Deconvoluted EIC Integrated TIC
10@00000
o N-Ter mod Compounded 1.42% 1.77%
5800000 /\ Semaglutide
n _ — M
= Ozempic 0.24% 0.47%
33 34 35 36... . 37 38 39 40
Time (min)
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Taking separations
to a higher level

HALG:

ELEVATE C18
-

ACIDIC

NEUTRAL

.. I\_/lgd,ified._OFgano-S'iI_ane.Tec:hnology

Tl

Excellent Lot to Lot Reprodugibility and- .
Stability in Alkaline Environmients -« * «

pH 2-12 Enables Wide Operatiohal Use
Range for Robust Method Development -

Reliability of Proven Fused-Core®
Technology for Highest Efficiencies and
Speed

2.7 pym particle size in 120 A

1000 A OLIGO Now available!



r B -

.v . "-‘ F}-{!

Altering Selectivity using high-pHs S o

Goal: Find HPH conditions for GLP-1 that are also LC/MS friendly

29 42
1.0E9 . .
20mM NH,OH pH 9 _: FLP * N-ter impurity elutes early
1ug Semaglutide R N-ter mod . » Significant adduction
Elevate C18 2.1x150mm = oo \ | * Selectivity Change
- 4.0E8-]
20689 55 6.63 30.56
_-_L_, 467 624 M—Eﬂﬁ;ﬂﬂ 1249 1474 1553 1682 2207 2342 2654 3221 3583 3872 4065 4347 4518 4695 4903 5154 5288 5678 58.35
T 2 4 6 8 Mo 42 11 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Time (min)

* Higher pH in NH,OH showed peak shape degradation

e Other high pH buffers that are MS friendly.
« Ammonium bicarbonate
* N-Methyl Piperidine
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HPH Separation of SemagLiidﬁ

e -

1434
: * Selectivity Lost
10mM AmBic pH 7.5 2 Y
1pg Semaglutide 2069
Elevate C18 2.1x150mm £ 1ses-
§ 3
Positive Mode = oeod
S0EBY
c_; 1.@§N 198 243 372 513 582 7.05 809 902 9.44 1013 1170 1308 1414 {111_.?8 16.44 1810 1880 2011 2167 2265 2434 2502 2583 27.03 27.60 30.01
772 3 4 5 s 7 & 9 W 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 2 21 28 29 30
Time {min)
1336
. . 1 40E9T - to272120
10mM N-methyl piperidine U * Good peak shape
pH 11.5 seesd § L. ° Separation of N-ter impurity and FLP lost
. = = s |
1”g SemaglUUde 'E 2.5Eg: ER I 103002;1030272170305234
— T 30—
Elevate C1 8 2 1X1 50mm E 2IUE9§ 20; 10240256 10265179 1012:222::15 ‘D?;T:;g 1033 2673
¢ 1'5EBE 1itwmssﬂm 10220137 10232695 | 10242708 | l|, 10325176 | 1l
Negative Mode 10Egé TO‘ZU ‘ 1()'22 ‘ 10‘24 ! 10'25 1028 1030 10‘32 /I 10‘34
5 0E8-
3 19 53 373 521572 752 798 885 937 1062 1189 1317 \ 1408 1552 1660 1765 1924 2078 2194 2289 2409 2534 2690 28.19 23}56 28 85
ﬁ_'|""|""|''|""|""|''|""|""|"|'_"'|""|''|""|"r'7''|""|""|'':[""|""|''|""|""|"'|"'| HLALAL AL B B R R R Rl R R LA Rk R R R b R R ) AL LR bl R LA REAL L R R R ""I":

1 2 3 - 5 6 7 8 g 10 1 12 13 14

I
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Time (min)

* N-ter modification comes out slightly earlier than FLP
* Sensitivity comparable to Formic Acid conditions on PCS C18



Summary

 GLP-1’s are a rapidly growing business

 Manufacturing presents significant challenges for Analytical QC processes
* |dentification of a CQA in Liraglutide/Semaglutide

« HALO® PCS C18 ideal for evaluating impurities in GLP-1’s at low pH

 HPH LC/MS presents methodology challenges
 MS friendly buffers

« HALO® Elevate C18 shows robust separation conditions up to pH 11.5
e Selectivity changes using N-terminal modification of Semaglutide as a marker
* Provides a variety of conditions for analytical method development
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