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A B S T R A C T

The protein complex of recombinant human insulin-like growth factor-1 and insulin‑like growth factor bind-
ing protein‑3 (rhIGF-1/rhIGFBP-3; mecasermin rinfabate), is an investigational product for the prevention of
complications of prematurity. Delivery of rhIGF-1/rhIGFBP-3 is by continuous central line intravenous infu-
sion in preterm infants until endogenous IGF-1 production begins. Protein-specific analytical methodologies
were developed to evaluate the compatibility of rhIGF-1/rhIGFBP-3 at low protein concentrations (»2.5-
10 mg/mL) expected when co-administered with other required medications in the NICU. Highly sensitive
detection of the biologic potential degradants (fragments) and/or molecular modifications (oxidized species,
aggregates) required the use of reversed-phase high-performance liquid chromatography and size-exclusion
ultra-performance liquid chromatography coupled with mass spectrometric detection. We report on the
quantification of rhIGF-1/rhIGFBP-3, its components and degradants, to a limit of quantitation of 3.1 mg/mL
upon mixing with 24 commonly administered neonatal medications. Methods developed for the rhIGF-1/
rhIGFBP-3 admixtures, optimized in studies with furosemide, caffeine citrate and ampicillin, demonstrated
good reproducibility, linearity, and limit of detection/quantitation. Using these methods, no increase in deg-
radation of rhIGF-1/rhIGFBP-3 components and no increase in oxidation or aggregation level was observed
with caffeine citrate, while admixtures of rhIGF-1/rhIGFBP-3 with ampicillin yielded lower mass recovery of
rhIGF-1/rhIGFBP-3 components, which likely resulted from adduct formation. Furosemide was found to be
physically incompatible with rhIGF-1/rhIGFBP-3. Our findings support the use of these methodologies for
detection of protein modifications under various clinical administration conditions, and additionally supple-
ment physical compatibility data studies of ultra-low concentrations of rhIGF-1/rhIGFBP-3 post co-adminis-
tration to preterm infants with other medications (manuscript in-preparation).
© 2021 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Low IGF-1 levels in preterm infants, due to interruption of mater-
nal-placental supply, may be associated with poor weight gain,
impaired brain development, bronchopulmonary dysplasia, retinopa-
thy of prematurity, and other morbidities.1,2 rhIGF-1/rhIGFBP-3
(mecasermin rinfabate), an investigational product, is a recombinant
human (rh) version of the naturally occurring protein complex of
insulin-like growth factor-1 (IGF-1) and its binding protein,
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insulin‑like growth factor binding protein‑3 (IGFBP‑3), and is being
studied for the prevention of complications of prematurity.1,3,4 The
complex is delivered by continuous central line intravenous (IV) infu-
sion in preterm infants, usually for weeks, until endogenous IGF-1
production begins.

Due to limited IV central line access for neonates, concomitant
administration of rhIGF-1/rhIGFBP-3 with other medications via a
terminal injection site is likely. A biologic that requires central line
infusion over weeks must be compatable with other required medi-
cations, which, depending on their formulation, may have signifi-
cantly different physical and chemical properties. Furosemide (a loop
diuretic prescribed for fluid overload), caffeine citrate (commonly
prescribed for apnea of prematurity), and ampicillin (commonly pre-
scribed to treat bacterial infections) are examples of a few of the com-
monly co-administered drugs with diverse pH and chemical
reactivities that could be co-administered with rhIGF-1/rhIGFBP-3.5-7

The consequences of co-infusing incompatible drugs may include
precipitation, complex disassociation, change in color or pH forma-
tion of particulates, or gas evolution,6,8,9 which could impact patient
safety, particularly in preterm infants.6 However, there are limited
data on the chemical and physical compatibility of IV biologic drugs
co-administered to preterm infants, and much of the current knowl-
edge has been focused on physical compatibility.5-8

Analytical methodologies including reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) and size-exclusion ultra-
performance liquid chromatography (SEC-UPLC) coupled with mass
spectrometric (MS) detection, have been or are being developed for
monitoring the quality of rhIGF-1/rhIGFBP-3 after mixing with com-
monly used IV medications. A key consideration in assessing the
compatibility of rhIGF-1/rhIGFBP-3 when co-administered with other
medications is its extremely low protein concentration (»2.5−10mg/
mL),1 which makes it difficult to detect potential degradants and/or
molecular modifications; as such, detection requires the use of high-
sensitivity techniques. Ultraviolet (UV) detection is commonly used
with liquid chromatography (LC) separation to quantify individual
species and degradants; however, the UV sensitivity was found to be
insufficient to quantitate low-abundance degradants of the biologic
drug at these ultra-low concentrations to truly represent the in-use
conditions. A modified mass spectrometry-based version of each
method was used in this study as it was highly sensitive and capable
Figure 1. Clinical medication cate
of quantifying individual species at the clinically relevant ultra-low
concentrations at which rhIGF-1/rhIGFBP-3 is administered. The
methods presented here are utilized to augment routine physical
compatibility assessments, further inform the observed (or lack
thereof) physical changes in terms of impact to the rhIGF-1/rhIGFBP-
3 product, assess potential chemical incompatibilities, and evaluate
any potential degradation route(s) for rhIGF-1/rhIGFBP-3 post mix-
ing. Lastly, these data support an ever-evolving risk-based approach
(manuscript in preparation) by potentially establishing distinct gen-
eral governing principals for incompatibility.

Herein, we report on the development of two LC-UV-MS methods
(RP and SEC) to detect and quantify components of the rhIGF-1/
rhIGFBP-3 drug product and their degradants (oxidized species, frag-
ments, by RP, and high molecular weight (HMW) species), by SEC, at
ultra-low concentrations. These methods were then utilized to assess
data for rhIGF-1/rhIGFBP-3 quality after mixing with furosemide, caf-
feine citrate, ampicillin, and other IV medications across therapeutic
classes commonly used to treat complications of prematurity (Fig. 1).
Methods and Materials

Sample Preparation, Processing, and Analysis

All samples and associated controls were prepared at room tem-
perature. Standards and controls were pH matched to each medica-
tion, when needed. During sample preparation, small amounts of a
surfactant were needed to reduce the non-specific adsorption of the
product during handling and sample preparation.
rhIGF-1/rhIGFBP-3 Standard and Control Solutions
A 50 mg/mL solution of rhIGF-1/rhIGFBP-3 (in duplicate) in an

acetate-based formulation at pH 5.5 with residual amounts of a com-
monly-used surfactant was used as the study and assay control. To
determine limit of detection (LOD) and limit of quantitation (LOQ) of
intact rhIGF-1/rhIGFBP-3, the 50 mg/mL solution was serially diluted
with the formulation buffer to generate 25.0, 12.5, 6.3, and 3.1mg/mL
rhIGF-1/rhIGFBP-3 concentrations. The calibration curves were also
constructed in the admixture and control samples for furosemide,
caffeine citrate, and ampiciilin to establish the linearity. Upon
gories for the 24 admixtures.
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establishing the linearity among many studies, no further calibration
curves were constructed in this manner.

rhIGF-1/rhIGFBP-3-drug Admixtures
For each of the rhIGF-1/rhIGFBP-3-drug admixtures, admixture

solutions and controls were prepared to achieve specific clinically rel-
evant concentrations (Table S1). Each medication was prepared per
its packge insert, and if needed, diluted in its prescribed matrix
(Table S1). The testing set for each medication at each concentration
consisted of the rhIGF-1/rhIGFBP-3-drug admixture sample and a
series of 2-6 controls, as needed (see Fig. 2). In cases of significant pH
change post mixing compared with the release specification of the
product (i.e. >0.3 pH units), pH matching of relevant controls was
achieved either by dilution of rhIGF-1/rhIGFBP-3-drug with the
matrix of the small-molecule drug or by adjusting the pH with a
buffer system. The pH matching was conducted to generate a control
to provide the impact of pH to rhIGF-1/rhIGFBP-3 in the absence of
each small molecule. After mixing and pH adjustment, samples were
equilibrated at controlled room temperature for at least 30 minutes
prior to analysis to capture an estimate of the clinical mixing expo-
sure time. After equilibration, admixture samples were divided into
two aliquots: »100mL for LC-UV-MS analysis, and the remaining vol-
ume for pH measurement using a calibrated pH meter (Orion VersaS-
tar Pro, Thermo Scientific).

rhIGF-1/rhIGFBP-3-furosemide Admixture for Method Development. r-
hIGF-1/rhIGFBP-3-furosemide admixtures containing 25.0, 12.5, 6.3,
and 3.1 mg/mL of rhIGF-1/rhIGFBP-3 and 5.0, 7.5, 8.8, and 9.4 mg/mL
of furosemide, respectively, were prepared in triplicate to generate
appropriate calibration curves for the studies. No pH adjustments
were needed for these admixtures.

rhIGF-1/rhIGFBP-3-drug Admixtures for Assessment of Method Perform-
ance. Across several medication categories, already tested for physi-
cal compatibility, eight neonatal drugs were first selected for
admixing with rhIGF-1/rhIGFBP-3 and analyzed to assess the perfor-
mance of the developed method with respect to accuracy, mass
recovery, LOD, and LOQ. The rhIGF-1/rhIGFBP-3 admixtures included
caffeine citrate, ampicillin monosodium salt, vancomycin hydrochlo-
ride, penicillin G potassium, gentamicin, hydrocortisone sodium
Figure 2. Schema for admixture and potential controls for the RP-HPLC-UV-MS studies. For
centration was prepared along with a series of controls, as needed; rhIGF-1/rhIGFBP-3 drug
drug (Control 1), and, in case of significant pH change post mixing (≥0.3 pH unit), one or m
the pH with one or more relevant buffer systems of the drug matrix (Control 1*). The rhIGF-1
achieve a protein-concentration control (Control 2). A rhIGF-1/rhIGFBP-3 formulation buff
matched rhIGF-1/rhIGFBP-3 formulation buffer mixture controls were prepared if needed (
matography ultraviolet with mass spectrometric detection.
succinate, cefotaxime sodium, and dopamine hydrochloride. Admix-
tures and corresponding controls each were analyzed in triplicate,
and an additional sample set with varying rhIGF-1/rhIGFBP-3 con-
centrations also was prepared in triplicate for linearity testing (e.g.
12.5, 6.3, and 3.1 mg/mL), with the concentration range covering the
to-be-tested rhIGF-1/rhIGFBP-3 concentrations in the admixtures.

When the pH-matched controls were needed for several rhIGF-1/
rhIGFBP-3-admixtures, the pH adjustments were achieved using buf-
fers to avoid direct titration of the rhIGF-1/rhIGFBP-3 solution with
an acid or base. Sodium citrate buffers with varying pH values (4.0
−6.0) were used for admixture pH adjustment, including caffeine cit-
rate (pH 4.7), vancomycin (pH 4.2), gentamicin (pH 5.2), hydrocorti-
sone (pH 5.9), cefotaxime (pH 5.4), and dopamine (pH 5.2)
admixtures, while glycine-NaOH buffer was used for ampicillin
admixtures (pH 9.0). pH adjustment was not needed for the penicillin
G admixture studies.

High-throughput Analysis of rhIGF-1/rhIGFBP-3 Admixtures with Addi-
tional Neonatal IV Medications. Sixteen small-molecule medications
(drugs), already tested for physical compatibility, were selected
across different medication classes for analysis using the protein-spe-
cific assays (dopamine, dobutamine, epinephrine, norepinephrine,
fluconazole sodium chloride, dexmedetomidine (Precedex), ceftazi-
dime pentahydrate, insulin (Novolin R), clonidine (Duraclon), potas-
sium canrenoate (Soldactone), menatetrenone (KayTwo), acyclovir
sodium, rocuronium, succinylcholine chloride (Anectine), ranitidine
and daptomycin). rhIGF-1/rhIGFBP-3 admixtures with each medica-
tion, and associated controls, were prepared in duplicate (Table S1),
and held at room temperature for 30 min prior to sample preparation
for RP-HPLC-UV-MS analysis to allow for potential reactions to pro-
ceed.

Admixture Preparation for Analysis
Post-mixing and hold time, the drugs were removed from the bio-

logic/drug admixture by resin�based desalting devices prior to anal-
ysis. A Zeba column (Thermo Zeba Spin 7K MWCO 0.5 mL desalting
column, PI89882) was used for the RP-HPLC-UV-MS analyses while a
Bio-Spin Column (Bio�Rad Bio�Spin P�6 Gel Column Tris Buffer,
7326228) was used for the SEC-UV-MS analyses as the former did not
produce artifacts in the RP assay, while the latter did not produce
the physical compatibility studies, the rhIGF-1/rhIGFBP-3-drug admixture at each con-
product controls were prepared by dilution of the drug product with the matrix of the
ore pH-adjusted rhIGF-1/rhIGFBP-3 drug product controls were generated by adjusting
/rhIGFBP-3 drug product was diluted with the rhIGF-1/rhIGFBP-3 formulation buffer to
er − drug matrix control was prepared (Control 3). Finally, one or more drug and pH
Control 4, Control 4*). RP-HPLC-UV-MS, reversed-phase high-performance liquid chro-
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artificially higher percentages of HMW species in the aggregation
analyses by SEC. The desalting columns differ in their resins: Zeba
(polyacrylamide gel matrix) and Bio-Spin (proprietary mix), which
may explain the absence of artifacts for their associated LC methods.

The Zeba and Bio-Spin columns were conditioned and equili-
brated in a similar manner. Once the packing buffer was removed,
the columns were conditioned by exchange buffer into a mixture of
15% organic mixture solution [75% acetonitrile (ACN), 20% isopropa-
nol (IPA), and 5% LC-MS grade water] and 85% rhIGF-1/rhIGFBP-3 for-
mulation buffer for the Zeba columns or 100% rhIGF-1/rhIGFBP-3
formulation buffer for the Bio-Spin columns by addition of 300 mL to
the top of the resin bed, and centrifugation at 1500£ g for 1 min for
the Zeba columns and 1000£ g for 2 min for the Bio-Spin columns.
This was repeated three times to equilibrate the columns in their
respective buffers. Then 300 mL of the appropriate buffer was added
on top of the resin bed to avoid drying of the bed during the prepara-
tion of samples. Once the samples were ready, the buffer was
removed by centrifugation at 1500£ g for 2 min for the Zeba columns
and 1000 x g for 4 min for the Bio-Spin columns at room temperature
prior to analysis.

Analytical Methods

RP-HPLC-UV-MS

rhIGF-1/rhIGFBP-3 with Oxidized rhIGF-1/rhIGFBP-3 Spike-in Positive
Control. Initial feasibility analysis of the rhIGF-1/rhIGFBP-3 control
and rhIGF-1/rhIGFBP-3-furosemide admixture revealed small per-
centages of oxidized species present in low concentrations. To assess
the method’s ability to quantify the amounts of oxidized rhIGF-1
(oxi-rhIGF-1) and rhIGFBP-3 (oxi-rhIGFBP-3), a chemically oxidized
rhIGF-1/rhIGFBP-3 (hydrogen peroxide-induced oxidation) was pre-
pared, where the rhIGF-1/rhIGFBP-3 was exposed to a final hydrogen
peroxide concentration of 0.005% (v/v), and used as a positive control.
The chemically oxidized rhIGF-1/rhIGFBP-3 was spiked into a 50 mg/
mL solution of rhIGF-1/rhIGFBP-3 at 0%, 1%, 2%, 5%, 10%, 20%, and
100% levels. A 26 mL aliquot of each of the spiked solutions was
diluted to 13 mg/mL by adding 74 mL of rhIGF-1/rhIGFBP-3 formula-
tion buffer to represent the mixing volumes followed by mixing with
15 mL of organic mixture solution and 1.15 mL of 10% triflouroacetic
acid (TFA).

Admixture Sample Preparation with Zeba Column. Buffer exchange by
Zeba column was conducted on 115 mL of the rhIGF-1/rhIGFBP-3-
drug admixtures and control samples, which were transferred to the
conditioned Zeba column. Centrifugation at 1500£ g for 2 min was
used to collect the sample from each Zeba column, to which 0.5 mL of
1% polysorbate 20 (PS20) and 1.2 mL of 10% TFA were added. Each
buffer exchanged sample was transferred to an HPLC vial for RP-
HPLC�UV�MS analysis.

RP-HPLC-UV-MS Setup and Parameters. A Thermo ScientificTM

UltiMateTM HPG-3400RS Rapid Separation Binary pump (Mountain
View, CA) with a Thermo ScientificTM DionexTM UltiMateTM 3000
Diode Array Detector (DAD-3000) coupled online to a Thermo Q-
Exactive HF mass spectrometer (San Jose, CA) was used for analysis.
An Agilent Pursuit 3 Diphenyl analytical column (3.0 mm particle
size, 2.0 mm i.d. £ 150 mm, P/N A3041150 £ 020) with a Thermo
MabPac RP guard column (4.0 mm particle size, 2.1 mm i.d. £ 10 mm,
P/N 088649) was used for LC separation. A 6�port switching valve
was used between the analytical and guard columns for desalting
purposes. The injection volume was 80 mL (»0.25−2.0 mg injection
amount per sample). Mobile phase A is 0.05% TFA in water and
mobile phase B is 0.04% TFA in 75% ACN, 20% IPA, and 5% water. The
LC column was equilibrated at 10% mobile phase B for 1 min prior to
the gradient, then a curved gradient of 10% to 38% B over 30 min was
used to elute the rhIGF-1/rhIGFBP-3 components for UV (214 nm)
and MS detection.

RP-HPLC-UV-MS Data Analysis. Mass spectra of the rhIGF�1,
rhIGFBP�3, and related species were assigned by matching masses
deconvoluted by Biopharma Finder 2.0 (Thermo Fisher Scientific) to
obtain neutral masses. The rhIGF-1 and rhIGFBP-3 related species were
assigned by matching their observed mass to their corresponding theo-
retical mass (within 20 ppm relative to monoisotopic mass for rhIGF-1
and within 3 Da relative to average mass for rhIGFBP-3). The rhIGF-1
and rhIGFBP-3 related species were quantified using peak areas
(extracted ion chromatogram, XIC) of the most intense isotopes from
the most intense charge state for the desired species in the mass spec-
tra. The percent oxidation was calculated from the peak area of the
oxi�rhIGF�1 or oxi-rhIGFBP-3 species divided by the sum of the peak
areas for both the unmodified and oxidized species. The equation for
the percent oxi-rhIGF-1 calculation is shown below as an example.

% oxi� rhIGF-1 ¼ Peak area oxi� rhIGF-1
Peak areas oxi� rhIGF-1þ rhIGF-1ð Þ

� �
� 100

The percent mass recovery of rhIGF-1/rhIGFBP-3 admixtures was
calculated using the peak area from rhIGF-1/rhIGFBP-3 in its formula-
tion buffer (unmodified control) as the 100% mass recovery control.
The percent mass recoveries were calculated individually for both
rhIGF�1 and rhIGFBP�3 using the sum peak areas of the unmodified
and modified (oxidized) species as measured for the admixture rela-
tive to the same measurement for the 100% mass recovery control.
The equation for total rhIGF-1 mass recovery calculation is shown
below as an example.

% rhIGF-1 recovery

¼ Sumof peak areas of oxi� rhIGF-1 and rhIGF-1 from
00
Admixture

00

Sumof peak areas of oxi� rhIGF-1 and rhIGF-1
from 00 rhIGF-1=rhIGFBP � 3 in formulation Buffer

00

0
BBB@

1
CCCA� 100

Additionally, the oxidation value and the STDEV of the rhIGF-1/
rhIGFBP-3 post mixing was compared to the controls; if there were
no changes in this value or other attributes, such as increase in the
high molecule weight formation (aggregation as assessed by SEC) or
physical changes, the medication was deemed compatible. However,
if there were any changes in any of the quality attributes, the medica-
tion was considered not compatible.

Potential adducts between the biologic components (rhIGF�1 or
rhIGFBP�3) and small-molecule drug and/or excipients, if any, were
first evaluated by checking the deconvoluted mass spectra for any
unknown peaks, and then further assessed by evaluating the mass
difference between the biologic components (rhIGF�1, rhIGFBP�3,
oxidized and fragmented species) and corresponding unknown
peaks. The identification was also confirmed by visual inspection of
the raw mass spectra for the presence of actual adduct peaks (i.e. to
avoid missed observations due to potential deconvolution artifacts).
SEC-UV-MS
SEC-UV�MS methods were developed to quantitate, at low con-

centrations, the main peak of the rhIGF-1/rhIGFBP-3 [intact protein
complex (1:1 molar ratio of rhIGF�1:rhIGFBP�3)] and related HMW
species (biologic aggregates) before and after mixing with small-mol-
ecule neonatal medications as well as any potential unbound
rhIGF�1 or rhIGFBP�3. A rhIGF-1/rhIGFBP-3 admixture with caffeine
citrate was used for method development and assessment of accu-
racy, LOD, LOQ, and mass recovery of main and HMW species; the
HMW formation is expected if aggregation occurs.
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rhIGF-1/rhIGFBP-3 Spiked with Forced Aggregated rhIGF-1/rhIGFBP-3
Positive Control. A forced aggregated rhIGF-1/rhIGFBP-3 drug sub-
stance standard was generated by thermally stressing (»5 hours at
60°C) of a drug substance lot followed by 20 minutes of vigorous vor-
texing at the highest speed. This sample served as a positive control
for HMW species to quantitate the aggregate level (%), to determine
the LOQ for rhIGF-1/rhIGFBP-3 aggregates and main peaks by UV and
MS-XIC, and to evaluate the repeatability (triplicate analysis), relative
standard deviation (RSD) and the percent spike recovery for total
mass of rhIGF-1/rhIGFBP-3.

The rhIGF-1/rhIGFBP-3 plus rhIGF-1/rhIGFBP-3 forced aggregate
mixture was spiked into the caffeine citrate admixture at a series of
different ratios (0, 20, 40, 80, and 100% of forced aggregate levels) in
which the total biologic concentration remained constant (5 mg/mL
drug product), prepared in triplicate, held at room temperature for
30 min, and processed by Bio-Spin Column prior to analysis by SEC-
UV-MS.

Admixture Analysis Preparation. Buffer exchange by Bio-Spin columns
was conducted on 100 mL of the rhIGF-1/rhIGFBP-3-caffeine citrate
admixture and control samples, which were mixed with 0.5 mL of a
surfactant and subsequently transferred to the conditioned Bio-Spin
Column. Centrifugation at 1000£ g for 4 min was performed to col-
lect the sample from each Bio-Spin Column. An additional 0.5 mL of
1% PS20 was added to each buffer�exchanged sample and trans-
ferred to HPLC vials for the SEC�UV�MS analysis.

SEC-UV-MS Setup and Parameters. A Thermo ScientificTM VanquishTM

UHPLC with a Thermo ScientificTM Vanquish Variable Wavelength
Detector was coupled to a Thermo Q-Exactive BioPharma mass spec-
trometer (San Jose, CA) for the SEC-UV-MS setup. SEC separation was
achieved using a Waters ACQUITY UPLC BEH125 size-exclusion col-
umn (1.7 mm particle size, 4.6 mm i.d. £ 150 mm, P/N 186006505),
with 50 mM ammonium acetate, pH 5.0 as the mobile phase (iso-
cratic mode). The column temperature was set at 25 °C. An aliquot of
45mL was loaded (»0.14mg to 2.25mg injection amount per sample)
onto the column, followed by separation for 8 min with isocratic flow
to elute the sample into the MS after which the SEC flowwas diverted
to waste through a 6-port switching valve to avoid introducing salt to
the MS. The MS parameters used for analyzing rhIGF�1 and
rhIGFBP�3 related species (HMW and Complex peaks) were the fol-
lowing: high mass range mode scan (m/z 2000�6000) with a mass
resolution of 17,500, in�source CID of 30 eV, 3 microscans, AGC
Figure 3. Quantitation of oxi-rhIGF-1 and oxi-rhIGFBP-3 in rhIGF-1/rhIGFBP-3-furosemide
most abundant charge state. rh, recombinant human; RP-UV-MS, reversed-phase ultraviolet
target of 3e6 with auto maximum ion injection time. For the UV set-
ting, the wavelength was set at 210 nm.

SEC-UV-MS Data Analysis. The rhIGF-1/rhIGFBP-3 intact complex (1:1
rhIGF�1:rhIGFBP�3) and HMW species were assigned by the
observed mass (deconvoluted by Biopharma Finder 3.0, Thermo
Fisher Scientific), matching to their corresponding theoretical mass
(within 1 Da relative to average mass for HMW and Complex peaks).
The HMW and Complex peaks were quantified using peak area analy-
sis from the XIC of the most intense isotopes from the top 5 most
intense charge states for the desired species in the MS.

Results

RP-HPLC-UV-MS

Method Establishment
An LC-UV-MS method with Zeba column sample processing was

first developed using the rhIGF-1/rhIGFBP-3-furosemide admixture
to achieve sensitive detection of rhIGF-1, rhIGFBP-3, and correspond-
ing oxidized counterparts when mixtures were at a clinically relevant
concentration level (Fig. 3). A forced oxidized rhIGF-1/rhIGFBP-3
material (Oxidized Material) was then prepared and spiked into the
furosemide admixture (at 0%, 1%, 2%, 5%, 10%, 20%, and 100% levels)
to generate a standard curve and establish the accuracy of quantify-
ing the oxi-IGF-1 and oxi-IGFBP-3 components (Table S3). As shown
in Fig. 3, with a mass difference of one oxygen atom (i.e., 15.99 Da)
between rhIGF�1 and oxi�rhIGF�1, and the oxidized form being
chromatographically resolved from the unmodified form, the level of
rhIGF-1 oxidation was precisely determined using LC�MS (XIC) with
good linearity (LOD; R2=1.00) and high reproducibility (RSD ≤3.0 %)
obtained for all the spiked in levels of oxidized material. The LOQ was
determined to be 1.6% oxi-rhIGF-1. The oxi�rhIGFBP�3 closely
eluted with the unmodified rhIGFBP�3 but was precisely determined
using LC-MS (XIC), with good linearity (LOD; R2=0.99) and high
reproducibility (RSD <10.0 %) obtained for all the spiked levels tested.
The LOQ was determined to be 0.13% oxi-rhIGFBP-3.

Assessment of Method Performance − rhIGF-1/rhIGFBP-3 Admixtures
with Eight Neonatal Drugs

The performance and the general applicability of the developed
method to other admixtures was systematically studied and con-
firmed with an additional eight admixtures including caffeine citrate,
admixture using RP-UV-MS (XIC). XIC is based on the m/z of the highest isotope of the
with mass spectrometric detection; XIC, extracted ion chromatogram.



Figure 4. Quantitation of oxidation levels in rhIGF-1/rhIGFBP-3-caffeine citrate admixture using RP-HPLC-MS (XIC) and RP-HPLC-UV. XIC is based on the m/z of the highest isotope
of the most abundant charge state. RP-HPLC-MS, reversed-phase high-performance liquid chromatography with mass spectrometric detection; RP-HPLC-UV-MS, reversed-phase
high-performance liquid chromatography ultraviolet with mass spectrometric detection; XIC, extracted ion chromatogram.
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ampicillin, vancomycin, penicillin G, gentamicin, hydrocortisone,
cefotaxime, and dopamine.1 This set of medications was selected
from multiple therapeutic categories (Fig. 1), with varying chemical
structures, formulation excipients, and a wide range of final post-
mixing pH values (»4.0 to »9.0) (Table S1). Reproducible and accu-
rate quantitation of the percent level of oxi-IGF-1 and oxi-IGFBP-3
were obtained for all tested admixtures. Among these and as an
example, the rhIGF-1/rhIGFBP-3-caffeine citrate admixture had simi-
lar oxidation levels to those in the corresponding control samples,
diluted in either the caffeine citrate mixture or with formulation
buffer (Fig. 4). The percent aggregation level (HMW species), as
assessed by SEC-UV-MS, did not increase due to admixing (1.4%
HMW species for the admixture vs 1.3% and 1.5% for the caffeine cit-
rate or the formulation buffer diluted controls). Post-mixing degrada-
tion levels for the rhIGF-1/rhIGFBP-3-caffeine citrate admixture were
assessed by RP-HPLC-UV-MS (Fig. 5A). Across the admixture sample
and Controls 1 and 2 (Table S2), % oxi-rhIGF-1 ranged from 9.0 § 0.2
for the admixture sample (pH 4.7) to 9.3 § 0.4 for the pH unadjusted
Control 2 (pH 5.5), while the percent oxi-rhIGFBP-3 ranged from 10.9
§ 0.0 for Control 2 to 11.8 § 0.3 for the pH-adjusted (pH 4.6) Control
1. Two rhIGFBP-3 fragments were quantified; the F1-rhIGHBP-3
ranged from 4.3% to 5.4% while the F2-rhIGFBP-3 ranged from 1.2% to
1.3%, which did not change for the admixture samples when com-
pared with the control solutions. Overall, no degradation was
observed and the total mass recovery of rhIGF-1/rhIGFBP-3 was high
(>90% for both IGF-1 and IGFBP-3 species) for the caffeine citrate
admixture and controls.

As another example, the rIGF-1/rhIGFBP-3-ampicillin admixture
post-mixing degradation levels, assessed by LC-UV-MS, are shown in
Fig. 5B. Oxidation levels in the admixture (Table 1) were similar to
those in the control samples of rhIGF-1/rhIGFBP-3 alone, suggesting
that oxidation levels did not increase after mixing. There was a lower
mass recovery of rhIGF-1/rhIGFBP-3 in the admixture as compared
1 Dopamine was tested with two different lots of rhIGF-1/rhIGFBP-3 drug product;
method performance was tested using lot #1.
with controls. An ampicillin-rhIGFBP-3 adduct was observed in the
MS spectra, which likely contributed to the lower mass recovery
observed. The ampicillin adduct was also confirmed by the SEC
method (Fig. 5C) but indicated that ampicillin admixing did not cause
additional aggregation of rhIGF-1/rhIGFBP-3.

The penicillin G admixture showed a similar behavior with no
increase in the oxidation levels post mixing but had a lower mass
recovery (70%), thus indicating a loss that may be attributed to
adduct formation. The vancomycin admixture had no effect on oxida-
tion or degradation. Vancomycin and penicillin G will further be
assessed by the SEC methods.

HTP Analysis of rhIGF-1/rhIGFBP-3 Admixtures with Sixteen Commonly
Used Neonatal Drugs

An additional 16 commonly used drugs were further studied
using the developed RP-HPLC-UV-MS method. Based on the studies,
admixtures of rhIGF-1/rhIGFBP-3 with dopamine (tested with rhIGF-
1/rhIGFBP-3 drug product lots #1 and #2) and norepinephrine bitar-
trate (Levophed), but not epinephrine, caused oxidative degradation
of the rhIGF-1/rhIGFBP-3 components (Table 1). Oxidation increased
substantially for the dopamine and dobutamine admixtures (>»70%
for both oxi-rhIGF-1 and oxi-rhIGFBP-3) as compared with controls.
Oxidation increased by 2�fold for the norepinephrine admixture,
with oxi�rhIGF�1 increasing from »8−9% in control samples to »15
−16% in the admixture and with oxi�rhIGFBP�3 increasing from
»12−13% in controls to »23−24% in the admixture. Increased oxida-
tive degradation of rhIGF-1/rhIGFBP-3 is most likely due to the pres-
ence of the excipient bisulfite/metabisulfite, which is included in
dopamine and dobutamine formulations. In addition to the increased
oxidation, lower protein recoveries were observed for dopamine and
dobutamine admixtures (»54−68% based on rhIGFBP-3, Table 1), as
compared with norepinephrine and epinephrine (both >»90%).
Admixtures of rhIGF-1/rhIGFBP-3 with dopamine, norepinephrine,
epinephrine, and dobutamine did not cause additional fragmentation
of rhIGFBP-3, which remained essentially unchanged (≤2% F2-
rhIGFBP-3) for all tested admixtures and controls (data not shown).



Figure 5. rhIGF-1/rhIGFBP-3 degradation levels assessed by RP-HPLC-UV (214 nm) in rhIGF-1/rhIGFBP-3 for panel a: caffeine citrate admixture and panel b: ampicillin admixture.
Panel c: ampicillin-rhIGF-1/rhIGFBP-3 adduct observed by native SEC-MS. F1 and F2, fragments; oxi, oxidation product; rh, recombinant human; RP-HPLC-UV, reversed-phase high-
performance liquid chromatography with ultraviolet detection. Control 1: rhIGF-1/rhIGFBP-3 drug product diluted and pH adjusted. Control 2: rhIGF-1/rhIGFBP-3 drug product
diluted with the biologic formulation buffer.
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For fluconazole sodium chloride, dexmedetomidine hydrochloride
(Precedex), ceftazidime pentahydrate, and insulin (Novolin R), no
oxidative degradation or fragmentation was seen for the admixtures;
the protein recoveries were high (87−100%) for all admixtures and
no adduct formation was detected.

For clonidine (Duraclon) and potassium canrenoate (Soldactone),
admixtures with rhIGF-1/rhIGFBP-3 caused no additional oxidation.
However, rhIGF-1/rhIGFBP-3 admixtures with menatetrenone
(KayTwo) and acyclovir sodium caused notable increases in oxida-
tion; an increase of 3−6% for oxi-rhIGF-1 and 9% for oxi-rhIGFBP-3
(Table 1). No additional fragmentation was seen for any of these
admixtures. The protein recoveries were high (86−102%) for all
admixtures and no adduct formation was detected.

For rocuronium, succinylcholine chloride (Anectine) and raniti-
dine, oxidative degradation or fragmentation was not observed in
any of these admixtures. The protein recoveries were high for both
rhIGF-1 and rhIGFBP-3 (87−100%) and no adducts were detected in
these admixtures. For daptomycin admixture, a complete loss of
rhIGF-1 and rhIGFBP-3 signals was observed. Further analyses of the
admixture using different sample preparation procedures, or direct
injection into the MS detector, did not produce a MS signal for either
rhIGF-1/rhIGFBP-3 component. As daptomycin has been reported to
have a high propensity for binding proteins (»92−94%),10-12 the loss
of rhIGF-1/rhIGFBP-3 signal post mixing is most likely attributable to
product’s reduced solubility owing to the small molecule’s binding
property (Table 1).

SEC-UV-MS Analysis of rhIGF-1/rhIGFBP-3 Admixture with Caffeine
Citrate

An SEC-UV-MS method together with Bio-Spin sample processing
was first developed using rhIGF-1/rhIGFBP-3-caffeine citrate admix-
ture to achieve the sensitive detection of rhIGF-1/rhIGFBP-3 aggre-
gates, intact biologic complex, and any unbound rhIGF-1 or rhIGFBP-
3 at low concentration (Fig. 6). Similar to the approaches used for the
RP-HPLC, method development of a forced aggregated rhIGF-1/
rhIGFBP-3 material was then prepared and spiked into the caffeine
admixture (at 0%, 10%, 20%, 40%, 80%, and 100% levels) to assess the
method’s ability to accurately quantify the level of HMW, intact bio-
logic complex, and free species (Fig. 7). All species were well sepa-
rated, with good linearity (LOD; R2=0.99) and <2.0 % RSD for the
intact rhIGF-1/rhIGFBP-3 and <10.0 % RSD for the HMW species for
all spike levels tested. The LOQ for quantitation of percent HMW spe-
cies in an admixture was »0.5%. Admixing with caffeine citrate had



Table 1
RP-HPLC-UV-MS Admixture Compatibility Assessment Study Results: Analysis of Degradants,1 Recoveries,1 and Compatibility. The First Two Rows Represent Examples of Controls,
where the Data for the RhIGF-1/rhIGFBP-3 Drug Product Diluted in its Formulation Buffer (Control 1, 5 mg/mL DP) and when Diluted In a Matrix (Saline for this Example and in the
Absence of a Small Molecule; Control 2, 49mg/mL DP) are Shown.

Admixtures Admixture
pH

Degradants Level, Avg § SD (n = 3), MS (XIC) Total Mass Recovery Compatibility Assessment

% oxi-rhIGF-1 % oxi-rhIGFBP-3 rhIGF-1 Species rhIGFBP-3 Species

Control 1 5.5 9.3 § 0.40 10.9 § 0.60 100 100 n.a.
Control 2 5.48 8.88 § 0.04 13.1 § 0.16 97.24 § 0.02 103.09 § 0.06 n.a.
Furosemide n.a. 10.7 § 0.31 15.9 § 1.10 80.77 § 0.67 78.18 § 4.61 N, based on physical studies
Caffeine Citrate 4.7 9.0 § 0.15 11.4 § 0.38 93.69 § 6.14 90.99 § 9.51 Y
Ampicillin monosodium salt 8.9 8.5 § 0.09 11.7 § 0.34 71.36 § 0.14 54.88 § 0.44 N, adduct formation
Vancomycin hydrochloride 4.2 8.5 § 0.10 11.6 § 0.10 91.00 § 6.16 88.54 § 8.88 Y
Penicillin G 5.6 8.6 § 0.16 12.0 § 0.52 76.73 § 1.25 67.04 § 4.31 N, adduct formation
Gentamicin 5.17 8.43 § 0.07 11.67 § 0.53 103.71 § 2.33 94.66 § 1.03 Y
Hydrocortisone sodium succinate 5.88 8.07 § 0.05 12.37 § 0.42 89.45 § 1.42 93.26 § 3.03 Y
Cefotaxime sodium 5.42 8.55 § 0.11 11.84 § 0.28 82.47 § 1.53 76.48 § 5.45 Y
Dopamine 5.21 65.70 § 8.922 70.92 § 3.842 100.32 § 3.65 68.04 § 15.26 N, oxidation
Norepinephrine bitartrate (Levophed) 5.44 16.05 § 0.162 23.92 § 0.292 89.42 § 0.06 94.26 § 0.04 N, oxidation
Epinephrine 5.5 8.68 § 0.072 13.47 § 0.222 92.95 § 0.02 91.43 § 0.06 Y
Dobutamine hydrochloride 5.4 99.45 § 0.12 86.32 § 2.622 90.91 § 0.04 53.97 § 0.03 N, oxidation
Fluconazole (Diflucan) 5.5 8.82 § 0.152 13.66 § 0.042 87.42 § 0.02 89.49 § 0 Y
Dexmedetomidine hydrochloride,

(Precedex)
5.48 8.57 § 0.212 13.29 § 0.182 97.84 § 0.01 94.94 § 0.04 Y

Ceftazidime 6.81 8.48 § 0.092 13.34 § 0.052 95.58 § 0.02 89.12 § 0.01 Y
Insulin (Novolin R) 5.48 8.2 § 0.052 13.16 § 0.12 99.01 § 0.03 102.75 § 0.07 Y
Clonidine hydrochloride (Duraclon) 5.49 8.88 § 0.052 13.08 § 0.052 93.12 § 0 101.89 § 0.03 Y
Potassium Canrenoate (Soldactone) 7.01 7.85 § 0.132 13.39 § 0.242 87.59 § 0.04 97.33 § 0.07 Y
Menatetrenone (KayTwo) 6.81 11.04 § 0.192 22.08 § 1.152 85.8 § 0.06 86.87 § 0.13 N, oxidation
Acyclovir sodium 10.63 14.9 § 0.352 22.20 § 1.622 96.51 § 0 91.75 § 0.05 N, oxidation
Daptomycin2 4.84 ND3 ND3 <1% <1% N
Rocuronium 4.12 8.01 § 0.042 13.68 § 0.152 88.72 § 0.06 93.14 § 0.07 Y
Succinylcholine Chloride (Anectine) 4.58 8.57 § 0.012 13.81 § 0.062 96.66 § 0.08 91.35 § 0.12 Y
Ranitidine 6.55 8.09 § 0.012 13.29 § 0.062 93.46 § 0.04 94.13 § 0.02 Y

IGF-1, insulin-like growth factor-1; IGFBP‑3, insulin‑like growth factor binding protein‑3; MS, mass spectrometry; ND, not detected; rh, recombinant human; RP-HPLC, reversed-
phase high-performance liquid chromatography; SD, standard deviation; UV, ultraviolet; XIC, extracted ion chromatogram.

1 Increased oxidation (>15% % oxi-rhIGF-1; >20% % oxi-rhIGFBP-3) or low total mass recovery (<»80% rhIGF-1 species; <»80% rhIGFBP-3 species) was observed for certain
admixtures and those are shown in bold text above.

2 For n = 2, SD equals 0.7071 times the range.
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minimal effect on the percent of HMW species. The LOD / LOQ for free
IGF-1 in admixture was 1mg/mL, and LOD / LOQ for free IGFBP-3 spe-
cies in admixture were 0.5 and 1mg/mL, respectively.

Discussion

Premature infants in the neonatal intensive care unit often require
simultaneous administration of multiple parenteral medications with
Figure 6. Aggregation (HMW) levels in rhIGF-1/rhIGFBP-3 and caffeine citrate admixture by
HMW, high molecular weight; MS, mass spectrometry; rh, recombinant human; SEC-UV, si
extracted ion chromatogram. Control 1: rhIGF-1/rhIGFBP-3 drug product diluted with caffe
buffer.
limited intravenous access. However, at present, little is known about
the compatibility of drugs currently in development with medica-
tions used in standard practice.13 Increased risk of formation of visi-
ble particles, precipitation, and other physical changes that may
indicate significant chemical changes are known effects with some
combinations. For example, literature cites that furosemide (10 mg/
mL) and midazolam (1 mg/mL) co-administered at the same infusion
rate (2 mg/h) resulted in 10-15% furosemide drug loss,14 fatal
SEC-MS (XIC). XIC is based on the m/z of the highest isotopes of the top 5 charge states.
ze-exclusion ultra-performance liquid chromatography with ultraviolet detection; XIC,
ine citrate matrix. Control 2: rhIGF-1/rhIGFBP-3 diluted with the biologic formulation



Figure 7. Quantitation of HMW and intact rhIGF-1/rhIGFBP-3 complex in rhIGF-1/rhIGFBP-3-caffeine citrate admixture by SEC-UV-MS (XIC). XIC is based on the m/z of the highest
isotopes of the top 5 charge states. HMW, high molecular weight; SEC-UV-MS, size-exclusion ultra-performance liquid chromatography; XIC, extracted ion chromatogram.
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cardiopulmonary complications due to precipitation between ceftri-
axone and calcium electrolyte solutions have also been documented
in neonates,15 and semisynthetic penicillin complexation with ami-
noglycosides has been shown to result in a loss of antibiotic activ-
ity.16 However, few combinations of medications with biologics have
been evaluated to date.13

To address such concerns, we developed a high-thoughput and
sensitive assay to test the compatibility and detect any potential
molecular changes of rhIGF-1/rhIGFBP-3 and its degradants (oxidized
species, potential fragments, and formation of HMW species), at ultra
low concentrations, with medications often administered to
extremely premature newborns using RPLC-UV-MS and SEC-UV-MS.
These two methods were used for testing of mixtures of rhIGF-1/
rhIGFBP-3 with a panel of small-molecule drugs. In these studies, the
rhIGF-1/rhIGFBP-3 concentration range was qualified in selected
admixtures and rhIGF-1/rhIGFBP-3 components and degradants in
the mixture were accurately quantified.

The RPLC-UV-MS method was optimized to investigate the impact
admixtures of furosemide, caffeine citrate, and ampicillin, as three
example drugs commonly prescribed to neonates on rhIGF-1/
rhIGFBP-3. Findings from this study revealed that, although furose-
mide formulation resulted in an increased pH value as compared to
the control value, no increased degradation of rhIGF-1/rhIGFBP-3
components was observed in the admixture (only assessed by RP-
HPLC); however, the product is not compatible with rhIGF-1/
rhIGFBP-3 as physical studies demonstrated turbid solutions post
mixing. Admixtures of rhIGF-1/rhIGFBP-3 with ampicillin or penicil-
lin G did not result in rhIGF-1/rhIGFBP-3 oxidation or fragmentation;
however, there was lower mass recovery of the rhIGF-1/rhIGFBP-3
components with no visual turbidity, which likely came from ampi-
cillin- or penicillin G-rhIGFBP-3 adducts detected post mixing. After
admixing rhIGF-1/rhIGFBP-3 with caffeine citrate, no increase in oxi-
dation, fragmentation, aggregation, or increase in free sub-molecular
species levels was observed using this methodology, and there was
acceptable mass recovery of rhIGF-1/rhIGFBP-3 drug product. Analy-
sis of serial dilutions of rhIGF-1/rhIGFBP-3 in mixtures with caffeine
citrate or ampicillin resulted in highly reproducible and linear results
at clinically relevant low concentration ranges, consistent with
results from corresponding pH-matched and protein-concentration
controls. These results also demonstrate that mixing and/or pH
change does not necessarily result in further oxidation or fragmenta-
tion of the drug product; however, further analyses may be needed
to confirm the suitability of mixtures for administration. These pre-
liminary findings from RP-HPLC-MS as well as SEC-UPLC-UV and
SEC-HPLC-MS provide support for the co-administration of rhIGF-1/
rhIGFBP-3 with caffeine citrate. However, the initial findings demon-
strate a potential risk for mixing rhIGF-1/rhIGFBP-3 with ampicillin
and penicillin G that warrants further investigation. Ampicillin and
penicillin G belong to a class of antibiotics that have been reported to
react with the lysine side chains of protein drugs,17 which in this
study likely affected the related mass recovery. The stability of these
aminopenicillins appears to be dependent on both pH and tempera-
ture of the aqueous solution, which may result in a loss of their anti-
biotic effect at alkaline pH values.18,19 rhIGF-1/rhIGFBP-3 admixtures
with gentamicin, hydrocortisone, and cefotaxime showed no oxida-
tion or fragmentation; however, there was lower mass recovery of
the rhIGFBP-3 component for cefotaxime (76.5%) which was not asso-
ciated with adduct formation that requires further investigation for
characterization. Additionally, we found that dopamine, norepineph-
rine bitartrate (Levophed), dobutamine, menatetrenone (KayTwo, a
derivative of vitamin K), and acyclovir produced significant oxidation
of rhIGF-1 and rhIGFBP-3 components upon admixing, which
resulted in reduced recoveries. Thus, by these studies, these com-
pounds are determined to be noncompatible for central line Y-site IV
co-administration with rhIGF-1/rhIGFBP-3.

In their 2010 review of neonatal drug studies, Kalikstad et al.
report that for almost 60% of IV drug−drug infusions, there is no com-
patibility documentation.5 Physical compatibility is required as a
minimum for co-infusion of two drugs through a Y-site IV line as the
consequences of co-infusing incompatible drugs could contribute to
unsafe patient treatment practices.6 Physical compatibility is usually
defined as no occurrence of precipitation, change in color or pH, the
appearance of particulates, or production of gas.6,8 While many of the
drug combinations commonly used in neonates show no physical
incompatibilities,7,8 tests for physical compatibility are usually tested
by eye and do not necessarily rule out chemical incompatibility, par-
ticularly when the drug is present at very low concentration.6,7

Chemical compatibility of biologics should also be assessed but
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requires different analyses from those carried out in the physical
compatibility studies. Physical changes may or may not be closely
associated with chemical changes, and therefore tests for chemical
compatibility cannot be inferred via physical compatibility studies
except when instances are extreme and obvious.6

The totality of findings from this study supports the use of these
methodologies for detecting protein modifications under the clinical
administration scenarios and for supplementing the risk assessment
available from physical compatibility studies. Our data add to the lim-
ited data available on chemical compatibility of IV biologic drugs co-
administered to preterm infants.

Study Limitations

Previous studies suggest that covalent modifications are often
associated with the beta-lactam reactions of penicillin with proteins
resulting in immunogenicity.17,20,21 Little is known about specific
penicillin adduct formation identified in the study, and further stud-
ies may be needed to identify the specific nature of the observed
ampicillin- and penicillin G-rhIGFBP-3 adducts, as no direct structural
information can be discerned from intact MS and UV spectra. Addi-
tionally, a cell-based potency assay may be needed to provide further
understanding on when additional factors should be considered in
risk assessments of admixed drugs. Furthermore, although authors
routinely study the subvisible particles for the product itself, based
on the development knowledge of the product, the formation /
increase in number of subvisible particles is not expected to be an
additional degradation route for the product.

Lastly, it will be ideal to potentially mimic the mixing occurring in
the actual adminstration sets; however, any physical incompatibility
observations will be obscured by lack of transparent components.
With the established methods, separate studies may be conducted to
study the compabtibility of the admixtures with the administration
components.
Conclusion

Protein-specific methodologies have been developed to test com-
patibility of rhIGF-1/rhIGFBP-3 and common medications co-admin-
istered to neonates within therapeutic ranges anticipated for
treatment of extremely premature newborns, and at levels consistent
with dosing in a clinical trial. Detection of ultra-low concentrations of
rhIGF-1/rhIGFBP-3 drug product with caffeine citrate and ampicillin,
among other neonatal IV medications, was demonstrated. Our find-
ings suggest that co-administration of rhIGF-1/rhIGFBP-3 with caf-
feine citrate poses low risk to drug safety and efficacy; however,
further investigation is recommended before co-administering with
ampicillin and other potentially incompatible medications. Our
methods augment routine physical compatibility assessments and
inform the potential of chemical changes to the rhIGF-1/rhIGFBP-3
complex. Further, we establish methods to evaluate the degradation
route of the rhIGF-1/rhIGFBP-3 drug product upon admixing with
other medicines. These findings elucidated by new analytical meth-
ods, as reported here, support a risk-based approach for assessing
compatibility of biologic admixtures in general and specifically for
commonly used drugs in neonates.
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