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1. Literature model
The literature MILP model® for the optimal chromatography strategies of antibody purification

processes is presented as follows.

The integer variables, CNg;, CY Ny and BN, are expressed by binary variables:

CNg = X%, Wyij, Vs € CS, i (S.1)
S Wy =Xy, Vs €CS,i (S.2)
CYN; =Y k-Yg, Vs € CS (S.3)
s Yg =1, Vs €CS (S.4)
BN=Y1_2"1.7, (S.5)

For each packed-bed chromatography step, only one resin can be used:
Yrer,Usr =1, Vs €CS (S.6)

At most one resin of each resin type can be used:
ZSECS ZrERSnRt Usr = 1: vt (S. 7)

The initial product protein mass, M,, is the protein mass from the upstream bioreactors:
M, = titre - a - brv (5.8)

The product protein mass remaining after step s, M is related to the yield of the step:

Mg =ncys - Mg_4, Vs € CS (5.9
Mg = Yrer,(cYsr - UMs_1,), Vs € CS (5.10)
UM,_,, < titre-a-brv-Ug, Vs € CS,r € Ry (S.11)
Yrer,UMg_1y = Ms_y, Vs €CS (5.12)

The annual product output, AP, is amount of product produced per year by the facility:

AP =% 102" ZMs,, Vs = bf (S.13)
ZM,, < titre -a-brv-Z,, Vs=bf,n=1,..,q (S.14)
ZMg, < M, Vs =bf,n=1,...,q (S5.15)
ZMg, > M, — titre-a-brv-(1—2,), Vs=bf,n=1,..,q (S.16)



The number of completed batches, BN, is limited by an upper bound:
BN < maxbn (S.17)

The total column volume of chromatography step s, TCV, is the number of columns, CNg;,
multiplied by the single column volume, cvy;:
TCV, =Y, cvs - CNg;, Vs € CS (S.18)

Only one column size is allowed at each chromatography step.
YiXi=1 Vs€CS (5.19)

CN,; < maxcng - X, Vs € CS,i (5.20)

The total amount of resin available is no less than the minimum required amount, RV;:

ks k-YVy =RV, Vs €CS (S.21)

YV < maxcng - maxcvg - Yg, Vs € CS, k =1, ..., kg (5.22)

*s YV =TCV;, Vs € CS (S.23)
UM;s_ T

RV; = Yrer, dbcrfu , Vs € CS (S.24)

The number of cycles, CY N, at each chromatography step has an upper bound:
CYNg; < maxcyng, Vs € CS (S.25)

Volumetric flow rate, VFR,, is determined by the velocity of flow and the diameter of the

column:

1 1 dmg; —_—
VFRy = ———Trep, Yivel, -1 (59)? - UXgyi, Vs €CS (S.26)
Yrer, UXsri = Xi, Vs € CS,i (S.27)
Y, UX, = Uy, Vs € CS, 7 € R (S.28)

The initial product volume entering downstream processes, PV,, is the working volume of
bioreactor:
PVy=a-brv (5.29)



The product volume remaining after each step s, PV,, and the required buffer material volume at
each step s, BV, are given in Eq. (A30)-(S.43):

PV, = (fury+1) - PVy, Vs=h (S.30)
BV; = fvry - PV, Vs=h (S.31)
ks T 7
PVs = ZrERSnBER Zk=1 ecvy - k- UYVgy + ZrERSnFTR UVs_1,, VSECS (8.32)
BV, = Yrer, Ty bevy -k - UV, Vs € CS (S.33)
UYVs < maxcng - maxcvs - Uy, Vs € CS, 7T € R;,k =1, ..., kg (5.34)
Yrer, UY Vi = YV, VS €CS, k=1, ..., ks (S.35)
UVy_1, < maxpvg_q - U, Vs € CS, 7 € R (5.36)
ZT’ERS WS—I,T‘ = PVS—II Vs eCS (837)
PV; = (nvry + 1) - PVy_4, Vs = vi (S.38)
BV; = nvry - BVs_4, Vs = vi (5.39)
PV; = (furs +1) - PVy_4, Vs = vf (S.40)
BV; = fvry - BVs_4, Vs = vf (5.41)
Mg _
PV, = Feome” Vs = ufdf (5.42)
M
BV; = dvry - Teone” Vs = ufdf (5.43)

The total buffer usage per batch, BBV, is the summation of buffer usage, BV, in all downstream
steps:
BBV = ¥ BV, (S.44)

The annual total buffer volume, ABV, is related to the number of completed batches:

ABY =Yy1_ 2n1.7V, (S.45)
ZV,, < maxbbv - Z,, Vn=1,..,q (S.46)
ZV, < BBV, Vn=1,..,q (5.47)
ZV,, > BBV —maxbbv - (1—Z2,), Vn=1,...,q (S.48)

The total processing time at each chromatography step, T, is comprised of processing time for
both adding buffer (PLT;) and loading product (BAT;):
T, = PLT, + BAT,, Vs € CS (S.49)



The processing time for loading product, PLT; is related to the incoming product volume:

1 1 i dmg; . T
e Drer, Ni By Vel T (%)2 +j - UWTgpij = PVy_y, VS ECS (S.50)
UWTsrij < brt - Wsij; Vs € CS,T' € RS' l,] = 1, ...,js (851)
UWTsyij < brt - U, Vs € CS,7 € Rg,i,j =1, ..., j (S.52)
% % Lrer, UWTyyi; = PLT,, Vs € CS (S.53)

The processing time for adding buffer, BAT; is related to the required buffer volume:

bcvycvgi-k-UXY grik

BATS = ZTERSZi Ziil 1 1 dmg; 2! vs € CS (S-54‘)
Tooo s Vels T (5

ZreRSZi UXYsrik = Ysk; Vs € CS;k =1, ---:ks (555)

*s \UXYgi = UXepi, Vs € CS,7 € Ry, i (S.56)

The processing time per batch, BT, is the summation of processing time of all downstream

steps:

BT = 20 _ (S.57)
60-sfd-sfn

The annual DSP time, AT, is related to the number of completed batches:

AT =31, 2" 7T, (S.58)
ZT, < (aot — st — brt) - Z,, Yn=1,...,q (5.59)
7T, < BT, Vn=1,...,q (S.60)
ZT, = BT — (aot —st—brt) - (1 —Z,), Vn=1,...,q (S.61)

The annual DSP time, AT, cannot exceed the annual available time:
AT < aot — st — brt (5.62)

The labour cost, LC, involves the direct labour cost, DLC, supervisors cost, SC, quality control

and quality assurance (QCQA) cost, QC, and management cost, MC:

LC =DLC +SC+ QC + MC (5.63)
DLC =24 -uon-w-brt-BN + don-w-sfd-sfn-AT (S.64)
SC =sA-DLC (S.65)
QC =qA-DLC (S.66)
MC =mA-DLC (S.67)



The chemical reagents cost, CRC, is assumed to include the cost for buffer, BC, and bioreactor
media, MEC:

CRC = BC + MEC (S.68)
BC = bpc - ABV (S.69)
MEC =6 -mepc-a - brv-BN (5.70)

The key consumables cost, CC, in this study is the resin cost:

of Ty 2" Lk ZUYV grien

ks
CC = ZSECS ZreRs g=1 k=1 L (S- 71)
ZUYVpn < maxtcvg - Z,, Vs € CS,r ER;,k=1,.., k,n=1,...,q (5.72)
ZUYVepn < UYVgp, Vs E€CS,r ER,k=1,...,kg,n=1,...,q (5.73)

ZUYVyn = UYVy — maxtcvs - (1 —Z,), Vs €CS,r €ER.,k=1,..,k,n=1,..,q (5.74)

The miscellaneous material cost, MIC, is proportional to the total chemical reagents cost, CRC,
and consumables cost, CC.
MIC = mid- (CRC + CC) (5.75)

The utilities cost, UC, can be expressed as the summation of three terms:
UC=a-brn-brv+b -brv-BN +c-ABV (S.76)

The annualised capital cost, CAC, is calculated by the fixed capital investment, FCI, and the

capital recovery factor:

r-(1+7r)€!
(1+r)el-1

FCI = lang - (1 + gef) - (brn - brc + Y.secs 2. €Csi - CNg; + 0ed - brc - brn) (5.78)

CAC = FCI -

(S.77)

Other indirect costs include the annual maintenance cost, MAC, insurance cost, IC, local tax

costs, TC, and general utilities cost, GUC:

MAC = maAl - FCI (5.79)
IC =iA-FCI (S.80)
TC =tA-FCI (S.81)
GUC =gu-brn-brv (5.82)
OIC = MAC+IC+TC+ GUC (5.83)



The annual total cost of goods is the summation of the above costs:
COG =LC+CRC+CC+MICH+UCH+CAC +0IC (S.84)

The objective is to minimise COG/qg:

0B] = % (S.85)

Nomenclature

Indices

bf bulk fill step

h harvest step

i column size

j column number

k cycle number

n digit of the binary representation

r resin

S downstream step

t resin type

ufdf UF/DF step

vf virus filtration step

Vi virus inactivation step

Sets

BER set of resins in bind-elute mode

CS set of chromatography steps, = capture, intermediate purification, polishing
FTR set of resins in flow-through mode

R, set of resins suitable to chromatography step s

R, set of resins of the resin type t

Parameters

a,b,c utilities cost coefficients

aot annual operating time, day

bcv, buffer usage of resin r, CV

bpc buffer price, £/L

brc bioreactor cost at given discrete volume for piecewise approximation, £
brf scale-up factor of bioreactor cost

brn number of bioreactors

brt bioreaction time, day

brv given discrete bioreactor volume for piecewise approximation, L
CCyi column cost of size i at chromatography step s, £

cf scale-up factor of column cost

CVg; volume of column size i at chromatography step s, L
CYsr product yield of resin r at chromatography step s
dbc, dynamic binding capacity of resin r, g/L

dmg; diameter of column size i at chromatography step s, L



don
dvry
ecv,

el
fconc
forg
gef

gu

hsi

i1

Js

ks

L

lang
maxbbv
maxbn
maxbrv
maxcng
maxcvg
maxcyng
maxpvg
mal
mepc
miA

mAi

neys
nvry

oel

of

titre
td
uon
vel,

number of operators for downstream processing
diafiltration volume ratio of step s

elute volume of resin r, CV

equipment lifetime, year

final concentration of product, g/L

flush volume ratio of step s

general equipment factor

general utility unit cost, £/L

height of column size i at step s, cm

insurance cost ratio to the fixed capital investment
maximum number of columns at chromatography step s, maxcn;
maximum number of cycles at chromatography step s, maxcyng
life time of resin r, cycle

Lang factor

maximum buffer volume per batch

maximum number of batches

maximum bioreactor volume

maximum number of columns at chromatography step s
maximum column volume at chromatography step s
maximum number of cycles at chromatography step s
maximum product volume at step s

maintenance cost ratio to the fixed capital investment
media price, £/L

miscellaneous material cost ratio to chemical reagent and consumable costs
management cost ratio to direct labour cost

product yield of non-chromatography step s

neutralisation volume ratio of step s

other equipment cost ratio to the bioreactor cost
overpacking factor of resin

maximum digit number in the binary representation of number of batches,
[log, maxbn]

QCOQA cost ratio to direct labour cost

interest rate

resin price of resin r, £/L

reference cost of a bioreactor, £

reference volume of a bioreactor, L

reference cost of a chromatography column, £

reference diameter of a chromatography column, cm
duration per shift, hour

number of shifts per day

seed train bioreaction time, day

supervisors cost ratio to direct labour cost

upstream product titre, g/L

tax cost ratio to the fixed capital investment

number of operators per bioreactor in upstream processing
linear velocity of flow for resin r, cm/h

wage of an operator, £/h

bioreactor working volume ratio

media overfill allowance



U chromatography resin utilisation factor
o batch success rate

Continuous Variables

ABV annual buffer volume, L

AP annual product output, g

AT annual downstream operating time, day

BAT; time for adding buffer per batch at chromatography step s, min
BBV buffer volume added per batch, L

BC buffer cost, £

BRC bioreactor cost, £

BT downstream processing time per batch, day

BV, buffer volume per batch in chromatography step s, L

CAC capital cost, £

cC consumables cost, £

coG annual cost of goods, £

CRC chemical reagents cost, £

DLC direct labour cost, £

FCI fixed capital investment, £

GucC general utility cost, £

IC insurance cost, £

LC labour cost, £

M, initial product mass entering downstream processes per batch, g
M initial product mass per batch after step s, g

MAC maintenance cost, £

MC management cost, £

MEC media cost, £

MIC miscellaneous material cost, £

OB] objective

oic other indirect costs, £

PLT; time for loading product per batch at chromatography step s, min
PV, initial product volume entering downstream processes per batch, L
PV, product volume per batch after step s, L

QcC QCQA cost, £

RV, resin volume required at chromatography step s, L

Sc supervisors cost, £

T processing time per batch of step s, min

TC tax cost, £

TCV, total column volume at chromatography step s, L

uc utilities cost, £

VFR, volumetric flow rate at chromatography step s, L/min

Binary Variables

Us, 1 if resin r is selected at chromatography step s; 0 otherwise

Wi 1 if there are j columns of size i at chromatography step s; 0 otherwise

Xgi 1 if column size i is selected at chromatography step s; 0 otherwise

Yor 1 if there are k cycles at chromatography step s; 0 otherwise

Zn 1 if the nth digit of the binary representation of variable BN is equal to 1; 0
otherwise



Integer Variables

BN number of completed batches
CNg; number of columns of size i at chromatography step s
CYN, number of cycles at chromatography step s

Auxiliary Variables

@/[s—l,r = Usr
V-1 = Uy
WTsrij = Usr
UXsri = Usr
UX Ysrik = Usr
gvsrk = Usr
YVsi = Yo
ﬂwsn =17y
7T, =7,
2V =Zy
Z UYVsrkn = Zn

“Ms_q
“PVs_q

- Wy - PLTy
“ Xsi

“Xsi Yor
Yo - TCVs
- TCV,

- M,

- BT

- BBV

“Ugp - Y - TCVs

2. Case study data

More data of the case study are presented in Tables S1 and S2.

Table S1. Data for non-chromatographic unit operations

Unit operation parameter Value Unit operation parameter Value
Cell culture processing time (h) 15
bioreaction time (days) 15 |Virus filtration
seed train bioreaction time (days) 29 yield (%) 95
bioreactor working volume ratio (%) 75 flush volume ratio 0.3
media overfill factor 12 processing time (h) 4
media price (E/L) 32 |Ultra/Diafiltration
Harvest yield (%) 90
yield (%) 95 processing time (h) 4
flush volume ratio 0.1 final concentration (g/L) 75
processing time (h) 4 diafiltration volume 7
Virus inactivation Bulk fill
yield (%) 90 yield (%) 98
neutralisation volume ratio 1.75 filling time (h) 6
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Table S2. More data for cost and time

Parameters Value Parameters Value
aot (day) 340 a(g/L) 14.145
don (day) 15 b (E/L) 4.234
uon (day) 3 c (E/L) 0.071

sfd (hours/shift) 8 sA 0.2
sfn (shift/day) 1 qA 1
w (E/h) 20 ma 1
bpc (E/L) 1 mil 0.1

o 90% oel 0.8

gef 0.7 maAi 0.05

gu (E/L) 90 i1 0.005
lang 6 th 0.01
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