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Abstract

Insulin is an important therapeutic protein for the treatment of diabetes, but it is unstable and 

aggregates upon exposure to environmental stressors encountered during storage and transport. To 

prevent degradation of the protein in this manner and retain as much in vivo bioactivity as 

possible, a well-defined insulin-trehalose glycopolymer conjugate was synthesized. To accomplish 

this, a strategy was employed to site-specifically modify insulin with a polymerization initiator at a 

particular conjugation site; this also facilitated purification and characterization. Lysine of the B 

chain was preferentially modified by conducting the reaction at high pH, taking advantage of its 

higher nucleophilicity than the N-terminal amines. Trehalose monomer was polymerized directly 

from this macroinitiator to form a well-defined conjugate. Bioactivity of the site-specific conjugate 

was shown to be higher compared to the non-specific conjugate and the same as the analogous 

site-specific polyethylene glycol (PEG) conjugate as confirmed by the insulin tolerance test (ITT) 

in mice. The conjugated trehalose glycopolymer also stabilized insulin to heat as measured by 

high-performance liquid chromatography (HPLC).
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INTRODUCTION

Diabetes is a growing worldwide problem – affecting over 30 million people1 in the United 

States alone – with its prevalence continuing to rise.1–2 Insulin is an important therapeutic 

protein for the treatment of diabetes; type I diabetes requires several injections or infusions 

of insulin daily.3 However, exposure to environmental stressors such as heat and mechanical 

agitation encountered during storage and transportation can lead to protein degradation and 

aggregation.4–6 Inadequate dosing resulting from degradation increases risk to the patient. 

For example, diabetic ketoacidosis can result from degradation of insulin from exposure to 

heat and extended hyperglycemia can increase risk for complications such as retinal damage 

and kidney disease.4

Our group has synthesized polymers with trehalose side chains that stabilize a variety of 

proteins to stressors such as lyophilization, heat, and mechanical agitation.7–11 We have 

shown that conjugating insulin with a trehalose glycopolymer stabilized the protein to heat 

and mechanical agitation and also improved its pharmacokinetics.9 However, the bioactivity 

was significantly lower than the native protein, requiring 5-fold dosage to achieve the same 

decrease in blood glucose as the native protein. The conjugate was synthesized by reductive 

amination at pH 8.0 using a benzaldehyde-functionalized trehalose polymer resulting in 

modification at both GlyA1 and LysB29; it has been shown that under similar pH 

conditions, the relative reactivity of the three amines in insulin is GlyA1>LysB29≫PheB1.12 

We hypothesized that this non-specific “grafting to” conjugation strategy contributed to the 

observed decrease in activity. Modification of GlyA1 decreases insulin affinity for its 

receptor and even conjugation of a 2000 Da poly(ethylene glycol) (PEG) can decrease 

bioactivity.12 Modification at either PheB1 or LysB29 does not impact bioactivity to the 

same extent.12–13 Furthermore, PheB1 has been shown to react more slowly than the other 

two amines of insulin and modification at lysine can be favored by increasing the pH of the 

reaction above pH 9.5, taking advantage of its higher nucleophilicity than the N-terminal 

amines.12 Therefore, we decided to target modification with the trehalose glycopolymer at 

LysB29 by conducting the conjugation at higher pH and purifying the macroinitiator to 

contain only the LysB29 modification.

Polymerizing directly from a protein, or “grafting from” a protein, is a strategy that 

facilitates characterization of conjugation site and purification of the conjugate. Our group 

was the first to report this strategy by modifying biotin with an initiator, forming a biotin/

streptavidin macroinitiator, and polymerizing N-isopropylacrylamide (NIPAAm) from the 

protein.14 Subsequently, our group grafted NIPAAm directly from bovine serum albumin 

(BSA) and lysozyme macroinitiators – with the latter remaining active.15 In addition, 

Matyjaszewski and Russell prepared polymers by first modifying amines and polymerizing 

poly(ethylene glycol) methacrylate (PEGMA).16 Many examples of grafting from proteins 

have followed. Matyjaszewski and coworkers used activators generated by electron transfer 

atom transfer radical polymerization (AGET ATRP) to polymerize oligo(ethylene glycol) 

methacrylate (OEGMA) from BSA in phosphate buffer.17 Bulmus and Davis were the first 

to demonstrate reversible addition–fragmentation chain transfer (RAFT) polymerization 

from a protein by conjugating the Z-group of a thiol-reactive chain transfer agent (CTA) to 

BSA and polymerizing acrylate and acrylamide monomers from the protein.18–19 Sumerlin 
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and coworkers subsequently employed RAFT to polymerize NIPAAm from BSA by 

conjugating the R-group of the CTA to the protein.20 Additionally, Haddleton and coworkers 

polymerized acrylate and acrylamide monomers from a variety of proteins under mild, 

aqueous conditions.21

We devised a strategy to synthesize the insulin-trehalose glycopolymer conjugate involving 

targeted modification of LysB29 with an initiator. We envisioned that modification with a 

small molecule would also facilitate characterization of the conjugation site because the 

trehalose glycopolymer is not directly amenable to mass spectral analysis, and also 

purification of the LysB29 only species. It was expected that polymerizing from this insulin 

macroinitiator with trehalose monomer in mild, aqueous conditions would result in a 

conjugate with improved bioactivity compared to our previous approach, while retaining 

stabilization properties (Figure 1). The results are described herein.

RESULTS AND DISCUSSION

The designed approach required polymerization of a trehalose monomer under mild, 

aqueous conditions. AGET ATRP is a technique that has been performed in aqueous buffer 

at room temperature,17 and our group used this technique to polymerize OEGMA monomers 

from siRNA.22 A methacrylate trehalose monomer (Figure 2A) was selected to facilitate 

controlled polymerization at room temperature in place of the styrenyl acetal trehalose 

monomer used in previous work.8–9 First the polymerization was explored under the 

conditions that would be suitable for the protein. Polymerization in DPBS with the small 

molecule initiator 2-hydroxyethyl-2-bromoisobutyrate (HEBIB), tris(2-pyridylmethyl)amine 

(TPMA) as the ligand, and ascorbic acid (AA) as the reducing agent was accomplished at 

23 °C. Complete conversion was observed within 4 hours and dispersity was low (Figure 

2B). This polymer exhibited excipient stabilization of insulin to heating with 93 ± 3 % intact 

insulin (Figure S8) compared to 68 ± 2 % intact insulin remaining with the styrenyl 

trehalose glycopolymer used in our previous work,9 demonstrating that the polymethacrylate 

backbone polymer also prevented heat-induced aggregation of insulin.

With the success of the trehalose monomer polymerization and resulting polymer 

stabilization of insulin, the protein was then modified with an initiator. Specifically, the 

insulin macroinitiator was synthesized with a nitrophenyl carbonate-activated initiator (NPC 

initiator) in borate buffer at pH 11 (Figure 3A). Even at this high pH, modification of 

multiple amines in addition to the desired product and unmodified insulin was observed after 

1 hour (Figure S9 and S10). No increase in the 40% conversion to the desired product was 

observed for longer reaction times and this yield is consistent with other site-selective 

modifications for insulin.23–24 The singly modified product was separated and recovered 

after semi-preparative HPLC. The purified macroinitiator exhibited a single peak by 

analytical HPLC and matrix-assisted laser desorption ionization mass spectrometry (MALDI 

MS) (Figure 4A and B). Further, the macroinitiator was reduced with dithiothreitol (DTT) 

for analysis by MALDI MS and modification was observed only on the B chain (Figure 

S11). To confirm the modification site, electrospray ionization (ESI) tandem MS was 

performed on the insulin macroinitiator, which showed fragments consistent with 

modification on LysB29 and not PheB1 (Table S1). Although only one species was observed 
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for the insulin macroinitiator by HPLC, MALDI MS, and sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS PAGE), two bands were observed for the 

macroinitiator after purification by native PAGE (Figure 4D and S13). To determine if 

insulin was degrading during synthesis or purification of the macroinitiator, the insulin 

macroinitiator was run on a highly cross-linked Tris-Tricine gel under reducing and non-

reducing conditions (Figure S13). Insulin and the insulin macroinitiator both exhibited one 

band near 6 kDa under non-reducing conditions and shifted bands near 3 kDa indicating 

reduction of the interchain disulfide bonds. These results indicate that insulin does not 

degrade by disulfide reduction once modified. Insulin readily forms dimers near neutral pH 

at which the native gel was run. LysB29 is involved in facilitating dimerization and 

monomeric rapid-acting insulin analogues have been prepared by mutating the amino acid at 

this position.25–26 These two bands may be due to dissociation of insulin dimers into 

monomers with modification at LysB29 in the macroinitiator interfering with this 

interaction.

Attempts to polymerize from the macroinitiator were initially unsuccessful under a range of 

AGET ATRP conditions, likely due to the low concentration of initiating sites from the small 

amount of insulin macroinitiator. To facilitate polymerization from the insulin 

macroinitiator, a sacrificial resin was prepared as described previously.22 This resin was 

modified with an initiator and increased the concentration of initiating sites. With the 

addition of the resin, the trehalose monomer was then successfully polymerized using AGET 

ATRP in DPBS pH 7.4 at 23 °C (Figure 3B) although it took 14 hours to polymerize 

indicating that the reaction was slower for the macroinitiator than the small molecule 

initiator. Also, a large molecular weight peak was observed in addition to the main peak by 

the right-angle light scattering detector equipped on the SEC that was not observed during 

polymerization with the small molecule initiator. This peak had also been detected during 

preparation of the monomer if the temperature was high or pressure too low when removing 

water and observed when insulin was added at 1 mg/mL to the polymerization mixture for 

the small molecule initiator HEBIB (Figure S14). We expected that this peak resulted from 

uncontrolled polymerization of the monomer. Increasing the amount of TPMA from 1 to 10 

molar equivalents with respect to copper eliminated this peak (Figure S15). We hypothesize 

that adding excess ligand displaces copper from interactions with insulin that result in 

uncontrolled polymerization.

The polymerization product exhibited a shift by native and SDS PAGE and this band 

contained insulin by Western blot analysis (Figure 4C, 4D, and S12). To determine if this 

band formed without the macroinitiator, several control polymerizations were performed. 

Unmodified insulin was substituted for the insulin macroinitiator, initiator was excluded 

with unmodified insulin included, or no insulin or initiator was included under the standard 

AGET ATRP conditions. No new bands were observed when the polymerization mixtures 

were analyzed by native PAGE (Figure S16). Polymer formed (팶 >1.6) for conditions 

without insulin or initiator, which was likely due to autopolymerization. It is interesting to 

note that the trehalose glycopolymer did not stain by Coomassie except when these large 

molecular weight species were present (Figure 4C and S12).
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When the crude conjugate mixture was analyzed by analytical HPLC, peaks corresponding 

to free polymer likely hydrolyzed from the resin, insulin-trehalose glycopolymer conjugate, 

and residual insulin macroinitiator were observed (Figure S17). The insulin-trehalose 

glycopolymer conjugate could be separated using the same HPLC method as was used to 

purify the macroinitiator, yielding the final purified product. To characterize the polymer 

formed when grafting from the insulin macroinitiator, insulin was digested using Proteinase 

K as described in literature.27 Polymer alone in the presence of Proteinase K did not change 

dispersity or molecular weight (Figure S18) showing that Proteinase K does not degrade the 

polymer or overlap with the polymer signal. By SEC analysis, the polymer was 8.7 kDa and 

exhibited similar dispersity D = 1.21  as with the small molecule initiator (Figure 4E). The 

analogous insulin-PEG conjugate was also prepared with a 10 kDa methoxyPEG nitrophenyl 

carbonate in borate buffer pH 11. The singly modified species was separated by semi-

preparative HPLC. The insulin-PEG conjugate exhibited single a band at approximately 16 

kDa by SDS PAGE, which is consistent with one site modification (Figure S19). 

Additionally, analytical HPLC of the purified insulin-PEG conjugate also exhibited a single 

peak (Figures S21). This was corroborated by MALDI MS (Figure S20A) and modification 

was confirmed on the B chain following reduction of the disulfides with DTT (Figure 

S20B). The modification is most likely at LysB29 because of the similarity of conditions to 

the macroinitiator and the reportedly higher reactivity of LysB29 over PheB1 under similar 

conditions.12

To evaluate the bioactivity of the conjugates, insulin tolerance test (ITT) was performed in 

mice (Figure 5). Animals were injected with insulin, insulin-trehalose glycopolymer 

conjugate, and the analogous insulin-PEG conjugate. Insulin remained active after exposure 

to HPLC purification conditions, exhibiting a decrease in blood glucose 30 min after 

injection. Both the insulin-trehalose glycopolymer conjugate and insulin-PEG conjugate 

required only a 3-fold dosage relative to insulin alone (48 μg/kg versus 16 μg/kg) to achieve 

the same change in blood glucose, which is a significant improvement over the 5-fold 

dosage (48 μg/kg versus 80 μg/kg) required previously with a non-selective conjugate. 

Insulin conjugated to 20 kDa PEG through LysB29 had significantly lower binding affinity 

to the receptor than insulin alone.28 Additionally, 2000 Da PEG-insulin conjugates showed 

decreased in vivo bioactivity, while 600 Da PEG-insulin conjugates retained bioactivity.12 

Thus, tuning the length of the polymer may further improve the retention of bioactivity.10 A 

balance between stabilization properties and bioactivity may be necessary, yet the site-

specific conjugation strategy described herein clearly significantly improved retention of 

bioactivity.

Next, the stability of the insulin-trehalose glycopolymer was evaluated using an accelerated 

heating assay. Insulin and the insulin-trehalose glycopolymer conjugate were heated for 

90 °C for 30 minutes and the amount of intact insulin was determined by measuring the area 

under the curve (AUC) of the insulin peak. The amount of intact insulin remaining for the 

conjugate after heating was found to be significantly greater than for insulin without the 

trehalose glycopolymer (Figure 6). This demonstrates that one polymer chain may be 

conjugated in a site-specific manner and yet still stabilize the protein to heat-induced 

aggregation.
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CONCLUSION

In conclusion, we synthesized a site-specific trehalose glycopolymer conjugate with 

improved bioactivity retention compared to non-specific conjugation. An insulin 

macroinitiator was prepared at high pH to favor modification at LysB29. Following 

separation by HPLC, modification at the desired position was confirmed with tandem MS. 

Trehalose glycopolymer was polymerized directly from this macroinitiator with AGET 

ATRP under mild, aqueous conditions. The insulin-trehalose glycopolymer conjugate had 

greater retention of bioactivity than the non-specific conjugate, requiring just over half the 

dosage used to achieve the same decrease in blood glucose. Moreover, the insulin-trehalose 

glycopolymer conjugate retained its stabilization properties by HPLC monitoring of intact 

insulin after heating.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Scheme of experimental design
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Figure 2. 
Aqueous polymerization of methacrylate trehalose. (A) Reaction scheme to polymerize 

trehalose monomer by AGET ATRP ([HEBIB]/[M]/[CuBr2]/[TPMA]/[AA] = 1/23/1/1/0.6) 

in DPBS pH 7.4 at 23 °C 3.5 h and (B) SEC trace of trehalose glycopolymer.
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Figure 3. 
Synthesis of insulin-trehalose glycopolymer conjugate. (A) Preparation of the insulin 

macroinitiator and (B) grafting from the macroinitiator with AGET ATRP ([Resin]/[M]/

[CuBr2]/[TPMA]/[AA] = 1/30/1/10/0.6).
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Figure 4. 
Characterization of insulin macroinitiator and insulin-trehalose glycopolymer conjugate. (A) 

Analytical HPLC and (B) MALDI MS after purification of the insulin macroinitiator, (C) 

Coomassie stained SDS PAGE (Lane 1: Ladder, Lane 2: Insulin, Lane 3: Purified insulin 

macroinitiator, Lane 4: Trehalose glycopolymer, Lane 5: Crude insulin-trehalose 

glycopolymer conjugate, Lane 6: Purified insulin-trehalose glycopolymer conjugate), (D) 

native PAGE with Western blot analysis (Lane 1: Insulin, Lane 2: Purified insulin 

macroinitiator, Lane 3: Trehalose glycopolymer, Lane 4: Crude insulin-trehalose 

glycopolymer conjugate, Lane 5: Purified insulin-trehalose glycopolymer conjugate Lane 6: 

Insulin-trehalose glycopolymer conjugate after digestion with Proteinase K), and (E) SEC 

trace of trehalose glycopolymer after digestion of insulin with Proteinase K.
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Figure 5. 
ITT in mice with insulin (16 μg/kg), insulin-PEG conjugate (48 μg/kg), and insulin-trehalose 

glycopolymer conjugate (48 μg/kg) (n=4, p > 0.05 at all points between insulin and 

conjugates).
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Figure 6. 
Biochemical stability assay of insulin and insulin-trehalose glycopolymer conjugate after 

heating to 90 °C for 30 minutes by HPLC AUC (n=3, * p = 0.0056).
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